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Abstract 


This  volume  is  a  collection  of  the  unclassified  papers  presented  at  the  Third 
Symposium  c„:  the  Plasma  Sheath  -  Plasma  Electromagnetics  of  Hypersonic  Flight. 
This  symposium  consisted  of  the  review  of  progress  in  reentry  communication 
studies  during  the  three  year  period  since  the  prior  meeting.  The  program  of  this 
symposium  on  plasma  electromagnetics  of  hypersonic  flight  involves  a  wide  range 
of  scientific  disciplines,  including  electromagnetics,  aerodynamics,  aerothermo- 
chemistry,  plasma  dynamics,  electronics,  and  high -temperature  phenomena.  The 
papers  were  selected  to  explore  as  many  of  these  facets  of  research,  including  the 
results  of  laboratory,  flight,  and  system  tests,  as  time  permitted. 


iii 


\ 

V 


Contents 


The  Papers  in  this  volume  are  from  the  sessions  directed  by  Dr.  Warren  McBee, 
Sperry  Rand  Research  Center,  Sudbury,  Mass. ,  and  Dr.  Tetsu  Marita  .'Stan¬ 
ford  Research  Institute,  Menlo  Park,  California 


I. -  ANALYSIS  OF  PLASMA  GENERATORS  FOR  TESTING  REENTRY 

COMMUNICATIONS  SYSTEMS’by  Joerger  and  Glatt  1 

II.  SIMULATION  OF  REENTRY  PLASMAS  BY  ELECTRODELESS 

DISCHARGESlby  Eckert  35 

HI.  SHOCK  TUBE  SIMULATION  OF  RE-ENTRY  PLASMA  FLOWS  AND 

THEIR  MICROWAVE  NOISE  EMISSION;by  Hartsel  and  Caldecott  69 

IV.  AN  EXPERIMENTAL  STUDY  OF  PLASMA-COVERED  SLOTTED- 

CYLINDER  ANTENNAS ^yiKaras  and  Antonucci  10? 

V.  -INTERACTION  OF  ELECTROMAGNETIC  WAVES  WITH  THE 

EXHAUST  FLAME  OF  LAUNCH  VEHICLES‘,by  Hasserjian 

and  Clark  ‘ "  1 31 

VI.  INFORMATION  LOSS  CAUSED  BY  REENTRY  PLASMA 

DISPERSION #by;  Fox  and  McPherron  167 

VH.  DEVELOPMENT  OF  A  PROBE  FOR  THE  MEASUREMENT  OF 
POINT  VALUES  OF  ELECTRON  DENSITIES  IN  SUPERSONIC 
FLOWS(’by  Abele  and  Medecki  193 

VIH.  -MEASUREMENT  OF  PLASMA  PARAMETERS  USING  A  RADIAL 

TRANSMISSION  LINEjby  Mullen  and  Medgyesi-Mitschang  231 


v 


Contents 


IX.  'RE FLECTOMETER  MEASUREMENT  C^1  THE  PLASMA  SHEATH 
ENCOUNTERED  DURING  THE  PROJECT  ASSET  FLIGHTS ' 
by  Plugge 


X. 


PLASMA  SHEATH  REDUCTION  BY  ELECTRON  ATTACHMENT 
PROCESSES'.by-Cai'swell'and  Richard-1- 


XI.  -THE  EFFECT  OF  CHEMICAL  ADDITIVES  ON  MICROWAVE 
TRANSMISSION  IN  AN  AIR  PLASMA.by-Atallah-and-Sanborn 

XII. -REDUCTION  OF  FREE  ELECTRON  CONCENTRATION  IN  A 
REENTRY  PLASMA  BY  INJECTION  OF  LIQUIDS  by  Evans 

\ 


259 

281 

319 

343 


I.  ANALYSIS  OF  PLASMA  GENERATORS  FOR 
TESTING  REENTRY  COSWNICATIOK  SYSTEMS 


C.D.  Joerger  sod  M.A.  Glatt 


Space  and  Missile  Engineering  Division 
McDonnell  Aircraft  Corporation 
St.  Louis,  Missouri 


ABSTRACT 


This  paper  surveys  existing  plasm  generators  to  determine  their 
usefulness  in  providing  realistic  environments  simulating  re-entry  plantar 
for  testing  coeasunlcaticns  systems.  From  typical  re-entry,  plasmas,  niasiia 
tion  requirements  are  derived.  Ten  plasm  generators  are  then  described 
relating  their  characteristics  to  simulation  requirements,  jit  is.  shewn 
that  no  one  facility  can  meet  al_  simulation  requirements,  tut  for  eny  -- 
specific  type  of  test  a  facility  is  available. 

mammim 


The  plasm  sheath  surrounding  a  re-entry  vehicle  i3  generated,  by  an 
isnense  conversion  of  vehicle  kinetic  energy  to  random  kinetic  energy.  Be 
cause  it  is  difficult  both  to  obtain  a  comparable  level  of  energy  in  the  : 
laboratory  and  to  produce  the  release  of  this  energy  ce  it  occurs  during 
re-entry,  plasm  simulation  facilities  are  limited  in  their  ability  to 
reproduce  precise  re-entry  conditions .  The  purpose -of  this  .paper  is- to 
enumerate  the  characteristics  of  various  plasm  generators  in  simulating 
re-entry  plasms  and  to  indicate  their  usefulness  for  the  testing  of 
cocssuni cation  systems  or  components. 


This  paper  is  chiefly  drevn  from  vork  supported  by  USAF,  VPAFB,  RTD 
Contract  Ho.  AF33(6l5) -11464. 
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The  selection  of  a  plasm  generator  for  performing  a  specific  test 
should  not  be  made  vitheut  knowledge  of  the  operation  and  limitations  of 
these  devices.  The  facilities  normally  considered  for  electromgcetic 
transmission  tests  include:  radio  frequency  (R.F.)  plasms,  glow  discharge 
tubes,  low  pressure  flames,  alkali  plasms,  free  flight  ranges,  diaphragm 
shock  tubes,  electromagnetic  shock  tubes,  shock  tunnels,  hypervelocity 
impulse  tunnels,  arc  jets,  and  arc  heated  tun  mils.  Because  mny  of  these 
facilities  were  developed  for  completely  different  purposes,  modification 
or  abnormal  operation  is  required  for  accomplishing  cossunicatlon  tests. 
RE-2HTRY  PLASMAS 

The  plasm  sheath  around  a  re-entry  vehicle  in  characterized  by 
four  flow  regions  -  stagnation,  intermediate,  aft  body,  and  wake1.  (Fig.  1} 

The  stagnation  region  consists  of  highly  compressed,  high  temperature 
gases  separated  froa  the  body  of  the  vehicle  by  a  thin  boundary  layer  and 
enclosed  by  a  near-normal  shock.  Gan  temperatures  and  pressures  in  the 
boundary  layer  are  lowered  by  convection  to  the  vehicle  skin  and  by 
ablation  products.  For  orbital  re-entry  velocities  {2h,000  ft/sec.),  the 
maximum  deceleration  for  a  blunt  vehicle  occurs  at  an  altitude  of  about 
200,000  feet.  For  these  conditions  the  plasma  frequency  that  is  reached 
in  the  stagnation  region  is  approximately  5  x  1010  cps  with  a  corresponding 
collision  frequency  of  1010  encounters  per  second.  The  naxlrnns  deceleration 
for  a  pointed  vehicle  occurs  at  an  altitude  of  about  100,000  feet.  For  this 
shape  of  vehicle  the  stagnation  region  is  much  smaller,  with  a  peak  plasm 
frequency  of  about  1012  cps  and  a  corresponding  frequency  of  1011  encounters 
per  second.  These  plasm  frequencies  do  not  include  the  ionization  introduced 


by  low  ionization  potential  ablation  materials,  that  usually  exist  in  the 
boimdarj'  layer,.  The  plasm  frequency  is  a  function  of  both  velocity  ana 
altitude;  the  collision  frequency  is  primarily  a  function  of  altitude.  The 
depth  of  the  plasm  at  high  velocities  can  bo  as  nuch  as  30  percent  of  the 
vehicle  diene  ter. 

i 

The  intermediate  region  is  characterized  by  rapid  extension  of  the 
stagnation  gases  as  these  flow  toward  the  aft  body.  Here  the  composition  and 
the  ionization  depart  appreciably  fron  equilibrium  conditions.  This  inter¬ 
mediate  region  contains  the  cost  severe  plasaa  conditions  aft  of  the 
stagnation  region,  and  is  cost  often  the  principal  cause  of  re-entry*  eorzsual- 
cation  blackout.  If  the  vehicle  maintains  an  angle  of  attach,  -this  flow 
my  pass  over  the  to?  of  the  vehicle,  not  affecting  rear-counted  antennas. 
Values  of  plasm  frequency  in  this  region  can  be  estimted  by  assuming  the 
same  percentage  of  ionized  gas  as  existing  in  the  stagnation  region  but 
at  the  local  gas  density.  For  the  Gemini  re-entry  conditions,  a  peak  plasm 
frequency  of  HT°  cps  was  calculated  In  -this  manner  and  was  qualitatively 
verified  by  flight  data. 

The  aft  body  ionization  is  created  by  gases  which  pass  across  _n  oblique 
shock.  For  pointed  vehicles  at  low  angles  of  attack,  the  mxisua  ionization 
occurs  in  the  thin  boundary  layer  next  to  the  skin  of  the  vehicle.  At  sur¬ 
face  deflection  angles  greater  than  thirty  degrees,  the  Ionization  la  the 
inviscid  flow  region  approaches  the  concentration  in  the  boundary  layer.  The 
plasm  frequency  distributions  as  a  function  of  position  free,  the  vehicle, 
for  wedges  and  cones  both  blunt  and  sharp,  are  shown  in  Figures  2  and  3* 

The  computation  of  the  plasm  profile  becomes  extremely  complex  far  other 
than  simple  body  shapes. 
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The  wake  region  trails  behind  the  vehicle.  It  consists  of  a  cool  outer 
layer  and  a  warmer  inner  region.  The  peak  local  pressures  correspond  to 
isentropic  compression,  and  the  peak  enthalpy  is  rarely  greater  than  one 
third  to  one  half  of  the  stagnation  enthalpy.  The  cool  outer  layer  causes 
ionization  to  decay  at  a  relatively  rapid  rate.  Frequences  of  C-band  or 
higher  are  usually  not  affected  by  the  wake  ionization  unless  excessive 
contaminants  are  present . 
oCWIATION  REQUIREMENTS 

Antennas  are  not  usually  mounted  at  the  stagnation  region  because  of 
the  high  plasma  frequencies  and  severe  material,  problems.  The  antennas 
arc  normally  located  near  the  rear  of  the  vehicle,  taking  advantage  of  the 
lover  temperatures  in  this  region.  Plasma  simulation  fsr  re-entry  communi¬ 
cation  studies  therefore  requires  duplication  of  only  the  conditions  for 
aft  antenna  locations. 

The  following  i3  a  list  of  desirable  conditions  for  simulated  re-entry 
communication  tests. 

(a)  The  facility  should  be  able  to  simulate  a  vide  range  of  plasma 
parameters  vith  good  repeatability.  A  maximum  electron  con- 

1  O  _  _ 

centration  of  5  x  10  electrons  per  cc  (fp  =  2  x  10io  cps)  and  a 
maximum  electron  collision  frequency  of  1010  encounters  per 
second  would  include  all  normal  orbital  re-entry  conditions  at 
aft  antenna  locations. 

(b)  The  size  of  the  plasma  and  the  distribution  of  the  plas’sa  para¬ 
meters  of  a  re-entry  vehicle  flow  field  at  the  antenna  location 
should  be  duplicated,  avoiding  any  scaling  of  wavelength.  The 
area  oust  be  sufficiently  large  so  that  refractions  and  stray 
radiations  do  not  appear  as  traveling  through  the  plasma. 


- - - - - «•«»»», ■KiMnNmMmiMmBiniiMiMwumniimmitBmiii.miiiiinininiamitmffltnmmit^.^tffl^^  !liUiilllH»Kjnnnni  llffii. 


(c)  The  plasma  should  be  In  thermal  equilibrium  having  equal  ambient 
temperatures  of  electrons,  ions,  and  neutral  particles,  or  in 
realistic  non-equilibrium.  A  maximum  temperature  of  about  U,000°K 
is  sufficient  for  temperature  studies .  A  cool  plasma  may  be 

used  for  most  propagation  experiments,  since  only  electron 
concentration,  collision  frequency,  and  profile  simulation  are 
important . 

(d)  A  facility  capable  of  continuous  operation  is  most  desirable; 
however,  useful  measurements  can  be  made  in  brief  periods  with 
proper  instrumentation. 

(e)  The  facility  should  allow  plasma  conditions  to  be  determined  easily 
efficiently,  and  accurately. 

(f )  If  the  chemistry  of  the  flow  is  important  for  the  test,  the  plasma 
should  be  free  from  facility-induced  contamination.  For  most 
tests,  however,  plasma  parameters  alone  will  be  important. 

(g)  The  cost  of  using  a  specific  plasma  generator  should  be  commensurate 
to  the  value  of  a  test. 

(h)  It  is  desirable  that  the  facility  have  been  in  use  for  several 
years  so  that  its  characteristics  are  veil  understood  and 
documented . 

PLASMA  GENERATORS 
RADIO  FREQUENCY  GENERATED  PLASMA 

The  radio  frequency  plasma  generator  produces  a  plasma  by  induction 


a 

e 
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heating  of  the  test  gas.  A  field  is  impressed  on  a  test  gas  by  passing 
it  through  a  coiled  wire.  The  ambient  electrons  contained  within  the  coils 
gain  energy  from  the  RF  field,  collide  with  gas  atoms,  ar.d  produce  additional 
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electrons  through  inelastic  collisions.  The  electron  concentration  builds 
up  in  this  manner  until  breakdown  occurs .  A  gas  flow  moves  the  plasma 
away  from  the  coils  and  into  the  test  area. 

A  radio  frequency  generator  is  presently  being  operated  at  McDonnell 
(Figure  4).  The  generator  consists  of  an  8000  volt  full-wave  rectifier,  and 
a  high-power  24  kw  oscillator,  resonant  at  1  me  when  driving  a  load  coll. 

The  load  coil  is  several  turns  of  water-cooled  copper  tubing  carrying  a 
maximum  of  288  amperes.  The  plasma  is  contained  in  a  one  inch  water-cooled 
quartz  tube.  By  narrowing  or  widening  the  gas  outlet,  the  mess  flow  rate 
may  be  increased  or  decreased.  Testing  is  done  downstream  of  the  heating 
coils.  Other  RF  generators  are  discussed  in  the  literature .2 > 3, 4 , 5 

For  small  diameter  gas  columns,  the  plasma  nearly  fills  the  entire  tube. 
For  large  diameter  gas  columns,  the  RF  energy  penetrates  only  the  surface 
of  the  gas  column,  leaving  the  inner  core  unaffected  and  un-ionized.  lowering 
the  excitation  frequency  increases  the  depth  of  RF  energy  penetration. 
Efficient  coupling  of  energy  is  obtained  when  the  inner  core  is  evenly 
heated. 

For  a  low  pressure  RF  plasma  source  (pressures  less  than  75  n*a  of  Hg), 
the  plasma  usually  exists  under  extreme  nonequilibrium  conditions,  having 
electron  temperatures  hundreds  of  times  higher  than  the  gas  temperature, 
because  very  little  momentum  is  transferred  to  the  atoms  or  molecules  by 
the  electrons.  At  McDonnell,  a  high  temperature  gas  has  been  measured  at 
low  pressures  when  a  good  match  between  the  exciting  coils  and  the  plasma 
was  obtained,,  This  heating  can  be  explained  by  inelastic  collision  between 
the  electrons  and  the  neutrals  followed  by  a  rapid  relaxation  which  gives  off 
kinetic  energy  to  the  gad.  At  the  McDonnell  facility,  electron  concentrations 
of  10^  per  cc  and  gas  temperatures  near  10,Q00°K  were  measured  in  the  test 


section,  four  inches  below  the  coll  region.  The  gas  pressure  was  less  than 
1  ns  of  Hg.  For  a  generator  operated  near  one  atmosphere,  the  plasma  is 
always  a  high  density  thermal  type  with  high  Joule  heating. 

The  RF  generator  has  been  used  for  diffusion  and  seeding  experiments. 
These  experiments  are  important  as  they  provide  basic  physical  data  at  condi¬ 
tions  near  those  experienced  during  re-entry. 

The  KF  generator  has  the  advantages  of  a  simple,  veil-understood  design, 
continuous  contaminate-free  operation  over  a  wide  range  of  conditions,  and 
at  times  high  neutral  gas  temperatures.  Its  major  disadvantages  are  small 
test  volumes  and  high  RF  noise  levels. 

GLOW  DISCHARGE 

The  glow  discharge  is  a  well  known  phenomena  of  gaseous  electronics 
which  appears  at  a  low  pressure  (typically  10  mo  of  Hg  or  less)  with  current 
densities  between  .001  and  .5  amperes  per  car.  The  appearance  of  the  dis¬ 
charge  is  quite  c  implicated,  with  a  number  of  light  and  dark  regions  occurring 
along  the  axis.  The  ionization  near  the  cathode  is  caused  by  positive  ion 
bombardment  of  the  cathode;  the  ionization  in  the  positive  column  is  caused  by 
electron  bombardment  of  the  neutral  gas.  The  positive  column  la  a  long 
luminous  region  extending  almost  to  the  anode,  and  is  the  most  ieportant 
region  for  plasma  teats. 

Basically  a  glow  discharge  facility  is  made  from  some  convenient 
dielectric  material  such  as  Pyrex  tubing,  capped  at  each  end  by  an  electrode, 
and  sealed  to  insure  a  good  vacuuu.  To  obtain  a  high  current  density  with¬ 
out  the  glow  discharge  breaking  down  into  an  arc  discharge,  cathod'  designs 


such  as  a  hollow  cathode  are  required.^*?'®  The  cost  of  a  given  discharge 
tube  iiv  relatively  inexpensive;  the  major  expense  is  the  power  supply.  The 
plasaa  t  epe  is  determined  by  the  container  geometry;  therefore,  a  vide 
range  or  plasaa  shapes  are  possible.  McDonnell  facilities  include  a 
rectangular  glow  discharge  tube  designed  to  simulate  the  plasaa  distri¬ 
bution  in  the  boundary  layer  of  a  re-entry  vehicle.  This  facility  (Figure  5) 
rasas  urea  18"  long,  12"  high,  and  1"  thick,  and, among  sany  application^  has 
been  used  to  investigate  pulse  degradation  over  varied  plasaa  conditions .9 > 10 

Many  authors  discuss  the  characteristics  of  the  positive  column  of  the 
glow  discharge11*-12*!^  In  the  range  of  pressures  from  0.1  to  10  an  of  Hg, 
the  loss  of  electrons  and  ions  frm  the  positive  column  to  the  walls  is 
primarily  due  to  asibipolar  diffusion.  The  distribution  of  electrons  across 
a  cylindrical  tube  is  a  Bessel  function,  and  the  distribution  across  a 
rectangular  tube  is  a  sine  function.  The  electron  concentration  along  the 
axis  is  proportional  to  the  current  density  and  inversely  proportional  to 
the  electron  drift  velocity.  With  a  hollow  cathode,  electron  concentrations 
of  10 12  elections  per  cc  can  be  generated  before  the  glow 

discharge  degenerates  to  an  arc  discharge.  Since  the  glow  discharge  operates 
at  lew  pressures,  themodynanic  equilibrlun  between  the  gas  components  does 
not  exist.  The  electron  temperature  is  on  the  order  of  30,000°K,  while  the 
gas  and  ion  temperatures  are  slightly  higher  than  room  temperature. 

-A  high  power  glow  discharge  is  capable  of  generating  plasmas  of  various 
shapes  and  of  relatively  large  volumes,  is  continuous  in  operation,  and  is 
controllable  over  a  wide  range  of  conditions .  The  plasaa  conditions  are  veil 
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established,  and  the  facility  is  inexpensive  to  build  and  operate.  The  test 
gss  does  not  provide  real  gas  temperatures  and  contains  a  small  DC  electric 


field.  Str tat ions  at  sobs  conditions  introduce  some  rapid  fluctuations 
in  the  plasma,  and  a  small  amount  of  sputtering  at  the  cathode  introduces 
contamination;  nevertheless ,  this  facility  provides  probably  the  best 
plasma  environment  for  static  electromagnetic  studies. 

LOW  PRESSURE  FLAMES 

The  ionization  induced  by  the  high  temperatures  in  various  flames 
both  at  atmospheric  and  reduced  pressures  has  been  used  to  simulate 
re-entry  plasma  conditions.  Since  the  ionization  potentials  are  very  high 
for  all  the  ordinary  equilibrium  flame  gases,  02,  Kg*  Bq,  BpO,  CO,  COg, 

OH,  0,  and  H,  the  amount  of  ionization  from  these  ingredients  is  quite 
small.  Only  HO,  vho3e  equilibrium  concentration  is  usually  below  one 
percent,  has  a  low  Ionization  potential  which  leads  to  ionization  levels 
of  about  3  x  1010  electrons  per  cc  at  flame  temperatures.  The  'addition  of 
one  part  in  10*>  of  Ca.,  or  one  part  in  10^  of  K.  or  Ha.  gives  higher 
ionizations  than  that  due  to  NO.  In  organic  flames,  nigh  values  of 
ionization  are  generated  through  a  chemi-ionizaticm  process.  Here  the 
energy  of  an  elementary  exothermic  chemical  reaction  leaves  ra»e  of  the 
products  in  an  ionized  state, 

Huber  and  Gooderunr1**  produced  a  potassium-seeded  cyanogen  oxygen  flame 
Vaporized  potassium  was  Introduced  into  the  flame  whose  gases  were  then  ex- 
pened  through  a  3  inch  diameter  subsonic  free  Jet.  The  temperature  of  the 
flame  was  about  4,200%.  The  resulting  plasma  was  probed  with  transmitted 
frequencies  up  to  20  Kmc.  At  SRI  ,^-5,16  a  ^ov  pressure  ethylene  -oxygen 
flams  was  used  to  study  the  effect  of  plasma  in  the  near-zone  field  of  an 
antenna  and  on  antenna  breakdown.  An  Langley1?,  rocket  exhausts  were 


blown  across  models  in  an  altitude  chamber  to  simulate  a  re-entry  plasm 
sheath.  The  rockets  produced  a  thrust  of  about  100  pounds  for  10  to  20 
seconds  and  a  gas  Mach  master  near  ten.  Signal  attenuations  of  the  order 
of  40  db  at  244.3  Me  were  recorded. 

The  low  pressure  flam  gives  a  continuous  high  temperature  plasma  when 
seeded  vith  alkali  metals .  The  gradients  of  plasm  conditions  are  severe  and 
not  very  controllable .  Some  of  the  constituents  of  the  flam  my  also  be 
toxic.  This  facility,  however,  provides  a  good  environment  for  antenna 
breakdown  tests. 

ALKALI  PIASMAS 

The  vapors  of  the  alkali  metals  are  particularly  attractive  as  the 
test  gas  for  plasm  generators  because  of  their  low  ionization  potentials. 

Both  photon  and  contact  ionization  are  used  to  excite  the  neutral  molecules. 
Photon- Ionization  is  supplied  by  ultraviolet  radiation  in  the  wavelength 
range  from  2000  to  3180  angstroms;  the  lower  limit  is  determined  by  the 
availability  of  window  material.  Contact,  or  resonant,  ionization  is  obtained 
at  the  hot  surface  of  an  emitter.  The  condition  for  Ionization  is  that  the 
work  function  cf  the  emitter  at  tl”  emitter  temperature  exceeds  the  ionization 
potential  of  the  gas.  This  condition  is  met  in  a  cesium  vapor  on  refractory 
metal  emitters  (W,  Ms,  Ta)  at  high  temperatures  (greater  than  2000°K).  The 
test  chamber  must  be  heated  to  a  high  temperature  in  order  to  have  an 
appreciable  vapor  pressure  of  the  r*' *1.  At  low  test  chamber  pressures, 
a  magnetic  field  is  applied  to  reduce  recombination  at  the  walls. 

A  typical  ultraviolet  generator  of  this  type  is  about  three  feet  long, 
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four  inches  in  diameter,  and  constructed  of  materials  3uch  as  quartz  or 
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stainless  steel^,  carefully  bonded  and  sealed  to  resist  the  highly  corrosive 
nature  of  the  alkali  netals.  By  controlling  the  temperature  of  the  container 
vails,  the  pressure  in  the  tube  i3  controlled.  The  ultraviolet  radiation  is 
generated  by  any  one  of  a  number  of  consaercial  source^  such  as  a  B-H6  high 
pressure  capillary  tube.  The  radiated  power  enters  the  tube  through  quartz 
windows .  The  use  of  a  heated  refractory  metal  as  the  ionizing  source  is 
very  similar,  as  demonstrated  in  the  construction  of  microwave  plasma 
amplifiers,  thermionic  converters,  and  ion  engines. 

Preliminary  data  at  McDonnell  has  indicated  that  in  a  magnetic  field  of 
600  gauss  a  concentration  of  10  electrons  per  ec  can  be  obtained  vlth  160 
watts  of  ultraviolet  radiation.  This  represents  an  ionization  of  about  1.0 
percent.  Wade  and  Khechtli20,  using  a  contact  ionizing  source,  have 
reported  similar  concentration  with  a  90  percent  ionization  at  magnetic  . 
field  strengths  of  1500  gauss.  For  this  case, the  electron  temperature 
was  about  the  same  as  the  emitter  temperature,  about  2100°K. 

Pl 

The  alkali  plasmas  have  been  used  as  an  ion  source  for  space  engines  , 
as  the  plasma  for  microwave  amplifiers,  in  thermionic  converters22,  and  in 
plcsma  wave  studies. 

The  advantages  of  the  alkali  metal  plasma  are  its  high  percentage  of 
ionization,  freedom  from  extraneous  electric  fields,  and  its  continuous 
operation.  Its  disadvantages  are  the  usual  presence  of  a  magnetic  field, 
low  electron  collision  frequencies,  and  the  limitations  of  a  teat  gas  to 
only  alkali  metals,  which  are  very  difficult  to  handle  because  of  their 
highly  c.  -rosive  nature.  With  generators  of  the  present  designs,  re-entry 
conasunicatlon  testing  cannot  be  practically  performed  in  alkali  metal  plasmas. 


DIAPHRAGM  SHOCK  TUBE 


The  shock  tube,  in  its  slaplest  fora,  is  a  tube  divided  by  a  thin 
diaphrags  into  two  chambers,  the  driver  (high  pressure)  section  and  the 
driven  (low  pressure)  section*  Upon  bursting  of  the  diaphragm,  a  family 
of  ccopression  waves  originates  at  the  pressure  interface,  and  travels 
into  the  low  pressure  section, rapidly  forming  into  a  shock  wave.  Behind 
the  shock  there  is  a  region  of  steady  flow,  which  is  the  normal  region  for 
testing*  Testing  is  also  accomplished  in  the  gases  that  are  stagnated  by 
the  shock  wave  reflecting  off  the  end  of  the  tube 

Th$  details  of  operation  cay  be  characterized  by  the  shock  Mach  number 
relative  to  the  unshocked  gas .  The  Mach  number  and  the  initial  conditions 
are  sufficient  to  calculate  the  gas  conditions  immediately  behind  the  shock. 

The  optimum  conditions  for  producing  strong  shocks  are  a  low  molecular  weight 
and  a  low- ratio  of  apecific  heats  for  the  driver  gas;  and  a  high  molecular 
weight  for  the  driven  gas.  With  helium  at  room  temperature  driving  air,  the 
Bmaxtmuw  theoretical  Mach  maimer  is  only  10.6;  with  hydrogen  into  argon,  the 
theoretical  maximum  is  26.6. 

The  simplest  method  to  create  a  plasm  is  to  increase  the  strengths  of 
shocks  by  heating  the  driver  gas.  One  of  the  most  common  procedures  is  to 
use  a  aultl-diaphragm  shock  tube.  The  first  diaphragm  is  hurst,  creating  a  shock 
which  heats  the  gas  in  a  second  compartment,  which  in  turn  is  used  as  the  driver 
gas  for  generating  the  test  shock.  A  combustible  mixture,  such  as  oxygen  and 
and  hydrogen,  may  also  be  used  to  beat  the  driver  gas.  A  third  method  to 
obtain  strong  shock  velocities  is  to  reduce  the  cross-section  of  the  flow. 

The  strongest  shocks  have  been  achieved  by  combining  several  of  these  methods. 
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Diaphragm  shock  tubes  have  diameters  generally  greater  than  one  Inch 
in  order  to  avoid  undue  attenuation  of  the  shock  from  boundary  layer  drag 
on  the  walls.  The  test  section  is  located  at  least  8  to  10  tube  diameters 
from  the  diaphragm  in  order  for  a  plane,  veil -defined  shock  to  have  a 
sufficient  distance  to  form.  The  driver  section  must  be  sufficiently  long 
to  allav  the  experiment  to  be  completed  before  the  rarefaction  vave  is 
reflected  from  the  back  of  the  driver  section. 

The  shock  tube  at  AVCO24  consists  of  a  50  foot  long,  2k  inch  diameter, 
low  pressure  section,  and  a  6  foot  long,  5  inch  diameter  high  pressure- 
section,  connected  by  a  it  foot  long  transition  section.  The  driver  gas  consists 
of  the  combustion  products  of  a  hydrogen,  oxygen,  and  nitrogen  ignited 
by  four  exploding  vires,  normally  copper  diaphragms  are  used;  these  burst 
open  after  the  pressure  builds  up  to  140  atmospheres.  For  a  high  performance 
shock  tube  as  used  at  AVCO,  the  maximum  shock  Mach  number  reported  in  air 
is  23*  At  an  initial  pressure  in  the  test  section  of  20  microns  of  Hg, 
this  Mach  number  would  generate  a  density  rise  of  17  and  a  temperature  of 
5500°K,  which  is  an  electron  concentration  of  4  x  1012  per  cc  and  an  elec¬ 
tron  collision  frequency  of  1010  encounters  per  second.  These  conditions 
will  remain  relatively  constant  for  the  duration  of  the  test  period, 
approximately  30  microseconds  for  this  example. 

The  diaphragm  shock  tube  produces  a  flow  that  is  veil  understood,  that 
is  relatively  free  of  foreign  material,  and  that  is  in  thexml  equilibrium! 
between  electrons,  ions,  and  neutral  species.  The  disadvantages  are  related 
to  its  short  test  time. 


EI2CTKCHAG1ETIC  SHOCK  TUBE 

The  electreeagnetic  shock  tube  was  originally  developed  to  a  amount 
the  limits  of  the  conventional  diaphragm -type  shock  tubes.  The  basic 
principle  of  the  EH  shock  tube  is  the  rapid  discharge  of  capacitor  stored 
energy  through  low  pressure  gas  in  a  chaaber.  The  discharge  heats, 
ionizes,  and  accelerates  the  gas  out  of  the  discharge  region  into  the 
regions  of  cold  gas .  The  acceleration  takes  place  by  the  combination  of 
pressure  of  thenaal  origin  and  magnetic  currents.  In  some  cases  the  hot 
gasec  are  preceded' by  a  shock  in  the  cool  gases  downstream  of  the  discharge 
region.  In  practice  only  rough  calculations  of  the  gas  conditions  can  be 
made,  as  the  processes  involved  are  not  understood. 

An  excellent  review  article  on  electromagnetic  shock  tubes  has  been 
written  by  Thornton  ^  The  construction  of  an  electreeagnetic  shock  tube 
is  stellar  to  that  of  the  diaphragm  types,  except  that  strong  shocks  may 
be  produced  without  the  mechanical  problems  associated  with  the  high 
pressure  driver  section  and  diaphragm.  Typical  tubes  are  2  to  6  Inches 
In  diameter  and  many  feet  long.  Figure  6  shows  such  a  tube  at  McDonnell. 

A  typical  system  might  consist  of  a  low  Inductance  20,000  volt 

capacitor?  a  20,000  volt  supply;  and  a  triggered  spark  gap  switch  for 
discharging  the  capacitor  through  the  electrode  system.  When  used  with 
a  tube  of  the  general  type  described  above,  such  a  capacitor  will  produce 
peak  discharge  currents  of  10^  amperes,  ringing  at  frequencies  greater  than 
100  KS. 

Many  of  the  characteristics  of  the  electreeagnetic  shock  tube  ore  logical 
extensions  of  those  of  the  diaphragm -type  tube.  Maximum  reported  velocities 


The  shock  tube  portion  of  this  facility  consists  of  a  driver  section, 
diaphragm  and  throat.  Connected  to  the  throat  is  the  nozzle  section.  This 
consists  of  a  two-stage  bilateral  expansion,  first  in  the  horizontal  plane, 
and  then  in  the  vertical  plane.  The  opening  of  the  second  nozzle  nay  "be 
utilized  is  the  test  section,  or  expanded  and  joined  with  a  constant 
diameter  test  section. 

n  large  hypersonic  shock  tunnel  is  operated  by  Cornell  Aeronautical 
Laboratory^1.  The  tunnel  has  a  driver  tube  1*0  feet  long,  20  feet  of  which 
can  be  heated,  and  a  driven  section  50  feet  long.  The  test  section  utilizes 
a  24  inch  diameter,  10. 5  degree  half  angle  conical  nozzle. 

Thin  facility  has  been  complemented  by  a  wave  superheater  hypersonic 
tunnel.^'  This  tunnel  operates  as  a  Gatling  gun,  with  a  large  number  of 
shock  tubes  firing  in  sequence  and  timed  to  give  a  coatin’  uts  flow  of  high 
temperature  gas.  Test  times  have  been  increased  to  1?  secondj  in  this 
facility. 

The  test  section  electron  density  varies  only  slightly  for  n  wide  range 
of  tunnel  operating  regimes  and  stagnation  conditions. ^3  From  the  attenuation 
of  elcv.'  "cmagnetic  signals,  a  typical  value  for  electron  concentration  in  un- 
s ceded  flows  is  1010  electrons/ cm3 .  Care  must  be  taken  in  cleaning 

the  walls  of  the  facility  to  eliminate  seeding  the  flow  with  contaminates, 
which  usually  increase  the  ionization  in  the  plasma  sheath  around  the  model. 

A  survey  of  shock  tunnel  performance  has  been  made  by  Vicente  and  Foy3\ 

and 

Hertsberg31.  Stagnation  temperatures  of  about  6000°K,  et  Mach  numbers  of 

about  25,  are  tl)o  typical  maximum  conditions  obtained.  For  these  conditions, 
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electron  concentrations  and  collision  frequencies  of  10  electrons  per  cc 
and  101®  encounters  per  second  can  be  expected.  The  test  sections  range 
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from  3  inches  to  100  inches  in  diameter  with  test  times  up  to  14  milli¬ 
seconds.  Since  the  original  purpose  of  the  shock  tunnel  was  to  simulate 
re-entry  conditions  for  hypersonic  vehicles*  mot  c  experimentation  per¬ 
formed  to  date  has  been  directed  towards  that  end.  Past  experiments 
have  included  a  large  number  of  flow  diagnostic  and  instrumentation  tests* 
antenna  window  tests  and  some  electromagnetic  plasma  interaction  studies. 

The  prinicpal  advantage  of  the  shock  tunnel  is  its  realistic  simula¬ 
tion  of  shock  shape  and  flow  conditions  around  models  of  moderate  size  in  a 
contaminate  free  flow.  Electron  concentrations  are  thermally  generated  and 
are  of  accurate  levels  in  the  stagnation  region.  However*  aft  body  conditions 
cannot  be  obtained  except  by  seeding  the  flow.  The  shock  tunnel,  nevertheless, 
is  excellent  for  electromagnetic  testing  because  it  is  the  only  facility  in 
which  realistic  plasma  sheathe  are  generated  with  a  non-contaminate  high 
velocity  air  flow.  The  wave  superheater  is  particularly  attractive  because 
of  its  long  test  periods 
HYPERVELOCITY  IMPULSE  TUNNEL 

The  Hypervelocity  Impulse  Tunnel,  or  "Hot  Shot"  tunnel  as  it  is  often 
called,  gives  accurate  simulation  of  Mach  and  Reynolds  number  by  expanding 
high  pressure  and  temperature  gases  through  a  nozzle  in  the  same  manner  as 
the  shock  tunnel.  The  difference  is  that  the  high  pressure  and  temperature 
gases  are  obtained  by  an  arc  dischar^^^a^ressurized  chamber  rather  than 
a  shock  wave. 
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A  typical  Hypervelocity  impulse  Tunnel  (ICCT)  is  comprised  of  an  arc 
chamber,  diaphragm,  throat,  conical  expansion  nozzle,  and  reservoir.  The 
test  section  is  any  portion  of  the  nozzle.  The  arc  chamber  is  pressured 
by  a  mass  of  driving  gas  necessary  to  give  the  desired  flow  characteristics 
for  the  amount  of  electrical  energy  released  and  for  the  test  section 
pressure.  The  expansion  chamber  is  usually  evacuated  to  about  one  micron 
of  Hg.  The  facility  at  McDonnell  has  a  nozzle  25  feet  long  culminating  in 
a  50  inch  diameter  test  section.  A  capacitor  bank  stores,  at  12,000  volts, 

7  x  10^  joules  of  energy  which  is  released  into  the  arc  chamber  within 
three  milliseconds  at  a  peak  discharge  current  of  3,600,000  amperes.  A 
survey  of  "Hot  Shot"  tunnels  has  been  made  by  Vicente  and  Foy.^1* 

The  plasma  conditions  in  the  stagnation  region  of  the  model  can 
reach  electron  concentrations  of  greater  than  1012  electrons  per  cc  and 
collision  frequencies  of  10*1  encounters  per  second,  for  arc  chamber 
temperatures  of  5000°K  and  pressures  of  4000  atmospheres.  The  seeding  of 
the  flow  by  metallic  properties,  melted  during  the  discharge,  increases 
the  electron  concentration  above  those  experienced  by  a  re-entry  vehicle 
similar  conditions.  At  high  temperatures  and  rapid  nozzle  expansions, 
as  are  required  for  these  plasma  conditions,  the  flow  remains  partially 
ionized  even  before  interacting  with  the  test  model.  This  does  not  influence 
the  stagnation  region  simulation  but  introduces  errors  into  the  other  flow 
region  simulation  around  the  body.  At  extremely  high  arc  chamber  conditions 
(10,000  K),  the  entire  flow  contains  ionization  concentrations  above  10 
electrons  per  cc  for  periods  of  up  to  10  milliseconds.^  Normal  test  periods 
are  from  30  tii  100  milliseconds. 


•This  type  of  facility  has  teen  devoted  to  hypervelocity  aerodynamic 
and  thermodynamic  simulation  experiments  of  heat  transfer  rates,  force 
and  balance  measurements,  and  pressure  distributions  along  a  test  model. 

The  hypervelocity  impulse  tunnel  is  able  to  provide  a  large  scale 
simulation  over  a  wide  range  of  re-entry  conditions.  Realistic  shock 
structures  can  be  generated.  Flow  velocities,  temperatures,  electron 
concentrations,  and  collision  frequencies  typical  of  re-entry  conditions 
can  also -be  obtained.  A  major  disadvantage  of  the  HIT  for  plasma 
cotnnmication  e  xperiments  is  the  contamination  in  the  flew  stream  which 
increases  the  ionization  concentration  and  complicates  diagnostics.  The 
coat  of  utilizing  such  a  large  facility  at  the  required  high  temperature 
is  high,  with  recycle  time  relatively  long. 

ARC  JET  AND  ARC  HEATED  TUNNELS 

The  arc  jet  and  arc  heated  tunnels. are  continuous  operating,  high 
enthalpy  facilities  which  heat  the  test  gasrby  an.electric  arc,  and  then 
expand  the  high  temperature  gases  through  a  nozzle.  The  arc  jet  is.  used 
for  propulsion  devices  and  high  enthalpy  generation;  the  arc  tuhael  is 
used  to  generate  high  velocity  gas  flews  for  -e-entry  simulation.  The 
arc  heated  tunnel  consists  of  the  arc  jet  exhausting  into  a  large  vacuum 
chamber 

A  typical  arc  ’'eater  has  a  tungsten  rod  cathode  and  a  copper  anode  in 
the  shape  of  a  converging-diverging  nozzle.  The  arc  is  stabilised  by  vortex 
ing  or  by  using  a  moderate  magnetic  field.  This  causes  the  point  ..of  attach¬ 
ment  to  rotate  on  the  anode  and  to  produce  more  uniform  heating  with  longer 
anode  life.  All  parts  which  are  subject  to  high  heating  rates  are  water 
cooled.  The  heating  in  the  arc  chamber  is  not  uniform  over  the  chamber  area 


and  therefore^  the  gases  are  trapped  In  a  plenum  chamber,  where 
they  ocoe  to  a  uniform  temperature  before  they  are  expanded  into  the 
teat  chamber i  Typical  operating  conditions  are  a  centerline  stagnation 
temperature  cf  5000°K,  «  static  pressure  of  425  microns  of  Bg,  a  flow 
rate  of  1.16  grams  per  second,  and  a  power  input  of  11.4  kilowatts. 

Electron  concentration  measurements  have  been  given  by  Talbot  and 

Brundin.^®  They  report  1010  to  lCr^  electrons  per  cm^,  measured  both  with 
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Langmuir  probes  and  microwave  interferometry.  Van  Camp  et  al  1  measured 
10®  to  1010  electrons  psr  em^  using  single  and  double  Langmuir  probes  in 
a  hydrogen  arc  jet.  Gas  enthalpy  calculations  indicated  concentrations 
of  10®  BTU/lb  should  be  obtained.  Mach  number  ranges  from  3  to  12.7^®.  The 
core,  which  contains  these  gases,  is  variable  in  size,  and  is  greatly 
affected  by  the  gas  used  and  cone  angle;  for  example,  with  a  6  inch  diameter 
nozzle  and  with  argon,  a  1.5  inch  diameter  core  was  observed  at  Mach  9* 

The  experiments  conducted  thus  far  have  been  mainly  of  the  diagnostic 
type,  and  have  been  aimed  at  obtaining  a  better  understanding  of  the 
facility  itself. Sane  investigations  of  deep-space  propulsion  engines 
have  been  conducted  in  such  a  facility,  and,  where  arc  jet  conditions  were 
well  known,  ablation  material  studies  were  also  performed. 

Arc  jets  and  arc  heated  wind  tunnels  have  the  distinct  advantage  of 
providing  long  duration,  high  enthalpy  flow.  Running  times  of  thirty  minutes 
have  been  reported.  The  facilities  can  be  operated  on  air  or  other  gases, 
but  'with air,  contamination  is  introduced.  The  small  size  of  the  ionized 
core  makes  communication  testing  difficult. 
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FREE  FLIGHT  RANGE 

The  free  flight  range  is  a  facility  which  propels  snail  models  at 
hypersonic  velocities  through  a  stationary  environment.  This  high  velocity 
flight  has  been  accomplished  through  the  use  of  light-gas  type  launchers. 

The  light-gas  type  of  launcher  may  consist  of  one,  two,  or  three 

stages  of  acceleration. Typical  single-stage  launchers  use  a  chemical 

combustion  or  an  electrical  discharge  to  heat  a  light  gas  (hydrogen  or 

helium)  which  in  turn  drives  the  model.  A  two  stage  launcher  uses  the 

combustion  of  a  propellant  or  a  hydrogen-oxygen-helium  mixture  to 

accelerate  a  piston  ich  in  turn  heats  the  light  gas  that  accelerates  the 

projectile.  A  three  stage  launcher  Just  adds  a  second  piston  and  a  second 

combustible  mixture .  Single  stage  launchers  have  accelerated  masses  from 

0.1  to  900  grams  in  the  velocity  range  of  3*0  to  6.0  kn/sec.1*'1'  A  large 
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two  stage  launcher  has  accelerated  a  1000  gram  model  to  6  km/ see.  In 

addition  to  the  launcher,  the  free  flight  range  includes  a  dump  tank, 
to  absorb  the  driver  gas  and.  to  separate  the  protective  3abot  from  the 
model,  and  an  evacuated  range  with  its  associated  ins tnmentat ion  and 
pumping  equipment.  Free  flight  ranges  are  presently  being  operated  at 
Arnold  Air  Development  Center*^,  General  Motors  Flight  Physics  Laboratory1*1*, 
URL,  Ballistic  Research  Laboratories1*0,  CARLE1* 5,  and  M.I.T.**^ 

Since  the  plasma  is  created  by  a  hypervelocity  projectile,  its  character¬ 
istics  closely  approximate  those  of  a  full  scale  re-entry  vehicle.  However, 
where  non-equilibrium  effects  are  important,  the  smell  body  sizes  invalidate 
the  simulation.  The  free  flight  range  has  been  used  for  drag  and  stability 
studies,  for  ablation  and  wake  studies1*^'1*®,  and  for  hypervelocity  impact 
effects .  This  facility  produces  plasmas  by  the  same  mechanism  and  of  the 
same  shape  as  actual  re-entry  vehicles. 


Free  flight  range  experiments  performed  in  the  model  vake  should  give 
good  correlation  to  actual  vehicle  characteristics.  As  the  only  contamina¬ 
tion  in  the  teat  is  produced  by  the  vehicle  itself,  the  facility  is  used  to 
study  the  effects  of  ablative  materials.  Hie  primary  disadvantage  of  the 
facility  is  that  only  small  model  sizes  can  be  Used,  and  therefore,  the  plasma 
flow  is  highly  restricted.  Hie  high  g  levels  experienced  in  the  launch  phase 
require  sturdy  on-board  equipment.  All  the  diagnostic  techniques  ere  compli¬ 
cated  by  small  model  size,  high  velocity,  and  short  test  time.  At  present, 
tests  are  confined  to  propagation  experiments  in  the  vake  plasma. 

SUMMARY 

The  characteristics  of  the  plasma  generators  are  complied  in  Table  1. 

In  this  table  the  generators  are  typed  as  static,  where  the  ionized  gas  is 
directly  formed,  and  as  dynamic,  where  the  ionized  gas  either  is  contained 
in  a  high  velocity  flow  or  generated  by  a  high  velocity  flow  impacting  on 
a  test  model.  The  plasma  parameters  are  maximum  values  known  to  be 
available  for  the  particular  generator  in  reentry  communication  studies. 

All  these  values  are  not  necessarily  available  concurrently  or  in  the  same 
facility.  The  test  area  is  the  usable  cros3-section  of  the  plasma  or  the 
cros3-section  of  the  high  velocity  gases  floring  across  a  test  model. 

Ionization  equilibrium  refers  to  the  gas  temperature.  For  facilities  with 
te3t  models,  equilibrium  is  of  course  only  in  the  stagnation  region,  with 
varying  degrees  of  non-equilibrium  ionization  existing  along  the  aft  body  as 
a  function  of  model  length  and  gas  flow  velocity,  as  is  the  case  for  the 
reentry  vehicle.  The  difficulty  of  plasma  parameter  measurements  is  primarily 
a  function  of  time  available  for  measurement,  the  physical  difficulties  in 
making  the  measurements,  and  the  lack  of  previous  measurements.  The  desirable 


test  gas  is  air;  however,  most  facilities' performance  is  improved  by  working 
with  an  inert  gas .  Detrimental  contamination  usually  consists  of  metallic 
particles  or  gases  which  change  the  normal  concentration  from  that  which 
would  be  experienced  in  a  pure  air  environment,  thus  hindering  the  accuracy 
of  plasma  sheath  simulation  and  plasma  condition  measurement. 

The  cost  of  a  facility,  a  most  influential  factor  when  selecting  a 
plasma  generator,  can  vary  widely.  The  estimates  given  in  the  table  are 
purely  qualitative  and  consider  both  initial  and  operating  costs.  The  stage 
if  development  reflects  the  amount  of  effort  and  the  success  in  using 
such  a  facility  for  reentry  simulation. 

CONCLUSION 

Most  effects  of  plasm  sheaths  on  electromagnetic  signals  can  be 
experimentally  studied  without  a  flow  velocity  and  a  real  gas  temperature 
simulation.  The  reentry  coraaunication  problem  thus  can  be  studied  in 
considerable  detail  in  static  plasma  facilities,  provided  a  good  description 
of  the  reentry  plasm  environment  is  available.  Also  techniques  may  be 
studied  for  alleviating  the  reentry  communication  blackout  when  the 
chemistry  or  when  the  modifications  of  the  flow  field  are  not  involved. 

On  the  other  hand,  antenna  breakdown,  flow  field  seeding,  shock  effects  with 
realistic  gradients,  and  reentry  communication  studies  with  qnknewn  plasma 
conditions,  all  require  dynamic  plasm  simulation. 

It  is  evident  from  an  examination  of  the  facilities  discussed  in  this 
paper  that  most  of  them  were  not  developed  specifically  for  studying  communi¬ 
cation/ plasma  relationships.  Nevertheless  facilities  arc  available  for 
testing  cocsnunication  components  or  new  techniques.  In  conclusion  it  Is 
strongly  recomendcd  that  these  kinds  of  facilities  be  utilised  to  stretch 
communication  technology. 
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Figure  2.  Boundary  layer  electron  concentration  and  collision  frequency  (wedge  configuration) 
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RECTANGULAR  GLOW  OISCHARGE  FACILITY  SHOWING  TEST  SETUP  FOR  C-BAND  TRANSMISSION 


FIGURE  5 


Figure  6.  Electromagnetic  shock  tube  showing  driver  section. 
The  tube  iu  6  ft.  long  and  3  inches  in  diameter 
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ABSTRACT 


The  absence  of  contamination  by  electrode  material  makes  the  electrode- 
less  discharge  a  promising  device  for  all  reentry  simulation  studies  where 
plasma  purity  is  essential.  In  an  analytical  study  the  electron  balance  equa¬ 
tion  is  evaluated  for  a  steady,  diffusion  controlled  discharge  using  microwave 
breakdown  data  and  other  empirical  information  for  the  ionization  character¬ 
istics  of  air.  Volume  reoombination  is  approximately  taken  into  account  in 
the  calculation  of  electron  density  distributions  across  the  discharge  tube 
and  is  shown  to  cause  appreciable  electron  depletion  near  the  axis  at  rather 
low  density  levels.  Effective  absolute  electron  densities  are  calculated  for 
particular  tube  radii  and  maintenance  fields  from  the  change  in  discharge 
characteristics  with  skin  depth.  These  densities  duplicate  those  encountered 
in  light  to  medium  severe  reentry  conditions. 

In  a  practical  application  of  the  electrodeless  discharge,  the  effect 
of  typical  ablating  materials  upon  electron  density  has  been  measured  by 
microwave  techniques  downstream  of  the  discharge  zone  in  a  Rowing  system. 
The  observed  changes  in  electron  density  were  found  to  correlate  approxi¬ 
mately  with  the  changes  in  static  pressure  due  to  the  addition  of  material. 

At  fifty  percent  overpressure,  cork  produced  an  increase  in  electron  density 
from  1010/cm3  to  lO^/cm3  while  teflon  lowered  it  to  4  x  103/cm3. 
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Section  1 
INTRODUCTION 


The  electrodeless  discharge  has  been  known  for  more  than  fifty  years 
as  a  light  and  ion  source.  More  recently  it  has  been  shown  by  Bab  at*  and 
Reed  that  this  discharge,  when  operated  at  high  pressure,  can  also  be  a 
source  of  high  temperature  plasmas  at  a  range  previously  believed  obtainable 
only  with  direct  current  arcs.  This  latter  feature  is  undoubtedly  the  main 
reason  for  the  upsurge  in  interest.  Compared  to  the  arc,  the  electrodeless 
discharge  has  the  advantage  that  the  danger  of  plasma  contamination  by  elec¬ 
trode  material  is  eliminated.  Since  even  traces  of  contaminants  can  con¬ 
siderably  affect  the  radiative  characteristics  and  electron  density  of  a  plasma, 
this  advantage  counts  heavily  in  applications  involving  diagnostic  and  especi¬ 
ally  communication  tests.  Only  If  a  clean  plasma  is  used  In  a  reentry  model 
experiment  can  one  expect  that  tl«  results  will  hold  for  the  free  flight  situa¬ 
tion.  Plasma  purity  is,  however,  cot  the  only  requirement  for  model  experi¬ 
ments.  The  extent  and  reliability  of  information  cn »  can  obtain  from  such 
experiments  depend  greatly  on  how  well  the  processes  of  plasma  generation 
in  the  discharge  Itself  are  understood.  Sines  the  inductive  discharge  repre¬ 
sents  a  case  of  strong  interaction  between  an  ionized  medium  and  an  electro¬ 
magnetic  wave,  its  study  has  also  a  direct  bearing  upon  the  reentry  communi¬ 
cation  problem.  To  start  with  an  analysis  of  the  induction  torch,  where 
thermal  ionization  and  the  superimposed  flow  field  cause  a  highly  com¬ 
plex  situation,  does  not  seem  promising,  however.  The  best  chance 


for  success  oxl»ts  with  a  stationary  medium  pros  sure  die  charge  at  medium 
power  level  where  ionisation  is  primarily  due  to  electron  Inpact  with  gas 
molecule*  and  deionisation  to  ambipolar  diffusion  with  subsequent  recombina¬ 
tion  at  the  container  walls.  In  this  glow  discharge  regime  the  electron  com¬ 
ponent  Is.  of  course i  strongly  out  of  equilibrium,  and  gas  temperatures  are 
not  representative  of  reentry  conditions.  But  electron  concentrations  are 
as  we  will  see.  and  these  may  be  of  primary  interest  in  a  meeting  concerned 
with  electromagnetic  aspects  of  reentry.  In  communication  experiments  It 
is,  moreover,  often  desirable  to  eliminate  the  need  for  high  temperature 
materials  and  technique*. 

3  4 

In  several  previous  publications  *  we  had  developed  a  theory  for 
the  glow  regime  of  the  inductive  discharge  and  applied  the  results  to  feydro- 
ygen.  in  this  paper  we  want  to  briefly  review  this  theory,  point  out  the  addi¬ 
tional  difficulties  when  applying  it  to  discharges  in  air.  and  show  what  results 
can  be  obtained  with  a  limited  analytical  effort. 

Finally,  wa  will  report  on  some  practical  applications  of  an  electrode¬ 


less  discharge  plasma. 


Section  2 


ANALYSE:  THE  ELECTRON  BALANCE  EQUATION  FOR 
INDUCTIVE  DISCHARGES 


2. 1  RADIAL  DISTRIBUTION  OF  ELECTRON  DENSITY 


It  represents  a  Bigniflcrnt  step  towards  understanding  an  electric 
discharge  if  one  is  able  to  predict  the  electron  concentration  without  recourse 
to  diagnostic  means.  For  an  inductive  rf  discharge  at  medium  pressure,  the 
electron  density  depends  on  ionization  characteristics  of  the  gas  and  geometry 
of  the  discharge  vessel  as  well  as  upon  intensity  and  frequency  of  the  induced 
electric  Held.  We  consider  the  vessel  to  be  a  long  cylindrical  tube  positioned 
coaxially  with  the  excitation  coil,  which  is  also  Jong  compared  to  its  diameter, 
so  that  the  problem  is  one  of  cylindrical  symmetry  and  the  radial  coordinate 
r  is  the  only  space  variable.  The  arrangement  is  illustrated  in  Fig.  L 


In  a  steady  state  discharge  the  electron  density  1"  constant  with  tier  '■ 
and  determined  by  the  balance  between  Ionization  end  deionization  processes. 
Besides  by  diffusion  the  deionization  of  air  takes  place  by  electron  attach¬ 
ment  and  volume  re  combination.  Under  these  conditions  the  -Lertron  balance 
equation  has  the  form: 


vin 


v&n  +  ct» 


2  _  _  1 


dr* 


dfnD) 

dr 


<i) 


* 


4ft 


where  Vj  and  v&  are  the  ionisation  and  attachment  frequencies,  respectively, 

n  ia  the  electron  density,  ot  is  the  recombination  coefficient,  and  D  is  the 

ambipolar  diffusion  coefficient,  considered  as  variable  with  r .  v. ,  v  , 

1  & 

d>  n,  and  D  represent  time  averaged  values. 

We  see  that  volume  recombination  introduces  a  nonlinearity  into  Eq.  (1) 

which  makes  it  difficult  to  solve.  There  have  been  published  a  few  analyses 

of  discharges  with  simu'  ianeous  diffusion  and  recombination  losses  in  >miform 
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electric  fields  '  but  none  for  nonuniform  fields  of  which  the  inductive  dis¬ 
charge  is  a  case.  We  will  show  in  the  following  how  this  problem  can  be 
attacked  for  small  recombination  rates. 


Defining  an  effective  ionization  frequency 


we  rewrite  Eq.  (1) 


v  =  vi  va  ’ 


d2(nP)  1  dfnDl  + 

dr2  r  ** 


-  aMl]  nc  =  o  . 

D2 


(2) 


The  local  value  of  the  expression  v/D  is  assumed  to  be  determined  by  the 
effective  it  Ticed  electric  field  E,  defined  by  E  = 

(vc  =  electron  collision  frequency;  «  =  driving  frequency!,  E  in  turn  is  a 
function  of  r  .  The  bracketed  term  in  Eq.  (2)  thus  represents  the  difference 
between  two  functions  of  r  .  Since  E  vanishes  at  the  axis  v/D  can  be 


E™*  <vo2;tp 


expected  to  be  zero  there  or  slightly  negative  (due  to  attachment).  At  the 
wall,  on  the  other  hand,  where  r  =  R  ,  E  hao  maximum  value  ER  ,  and 
consequently  v/D  will  also  be  a  maximum  there.  The  electron  density, 
however,  is  assumed  to  vanish  at  the  wall  so  that  an/D  will  also  vanish 
there.  At  the  axis  nD  '.,111  be  different  from  zero  unless  a  becomes 
infinitely  large. 


It  appears,  therefore,  that  the  range  covered  by  Eq.  (2)  can  be  divided 
into  three  zones:  A  zone  near  tho  wall  where  electron  production  dominates 
and  v  »  an  j  a  central  zone  around  the  axis  where  volume  recombination 
dominates,  so  that  an  »  v  ;  and  a  third  zone  between  these  two  where 
both  processes  are  of  the  same  order  and  approximately  cancel  out. 


A  solution  of  Eq.  (2)  for  tho  wall  zone  can  be  obtained  if  an/D  is  set 
equal  to  zero  and  v/D  is  rep  esented  by  the  power  law 


v 

D 


-  <o>R  <i> 


(3) 


where  the  subscript  R  refers  to  conditions  at  the  tube  wall  r  =  R. 


When  use  is  made  cf  the  boundary  condition 


nD  =  0  ,  at  r  *  R 


(4) 
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tbs  solution  of  Eq.  (2)  in  tbs  wall  none  can  be  written 


nD  a  C 


y0(?r) 

v'>  -  V 


(6) 


where  J  and  Y  are  the  Bessel  functions  of  zero  order  and 
o  o 


2  r 
*  *  iT2  *<l> 


(«) 


la  the  transformed  radial  coordinate.  ?R  corresponds  to  the  position  r  =R 


In  tbe  Intermediate  zone  where  v/D  an/D  ,  the  solution  of  Eq.  (2) 
is  simply 


nD  «  C*  (In  |  +  C") . 


(7) 


In  the  vicinity  of  the  axis.  Eq.  (2)  reduces  with  v/D  -  0  to 


^4+-4i-aya=0 


dx‘ 


.2  x  dx 


(8) 


whore  'or  briefness  has  been  set 


^  ■  x  ,  nD  *  y  .  and  an 


With  the  bcundary  conditions 


/ 


y  =  y0  *ad  -jj|  “  0  at  x  =  o , 


the  solution  of  Eq.  (8)  is  given  by  the  series* 


1  taZ  +  12Lu3i6  +  Jsi  „8 

1  a  4  a  32  256  8192  X 


Comparing  the  series  (10)  with  that  of  the  modified  Beasel  function 


2  x2  4  A 

I0(PX)  -  1  +  B2  ^  +  e4  fj  +  B6^  +  ... 


We  see  that  with  a  =  B  the  first  two  terms  are  identical  while  the  third 


term  In  Eq.  (10)  Is  larger  by  the  factor  two.  For  values  of  a  and  x  small 


enough  to  make  the  series  converge.  Eq.  (11)  may  therefore  be  used  In  place 


of  Eq.  (10).  Series  (11)  had  been  obtained  in  soma  recent  work'  as  solution 


of  the  balanoe  equation  in  the  axial  region  for  the  case  of  a  purely  diffusion 


controlled  discharge  In  a  tube  of  finite  length  L  where  8  represents  the 


term  nR/L  ,  The  rather  tedious  procedure  of  matching  the  regional  solutions 
had  already  been  carried  out  In  that  work.  Now  for  B  =  a^2  *  R(an/D)  ^2 


and  within  the  above  limits  these  matched  solutions  apparently  also  represent 


the  affect  of  volume  re  combination  upon  the  product  nD.  Since  near  the  axis 


n  e*  nQ  and  D  ^  DQ  the  parameter  6  can  be  written 


B  =  H(*"8) 


*  For  this  solution  the  author  is  indebted  to  D.  P.  Hamm  of  the  Oceanography 
Department.  Lockheed- California  Company. 


>wiw?o»rwPW?iw»d<;niB:’tmi|wrM«T 


44 


It  represent*  the  ratio  of  recombination  to  diffusion  losses  at  the  axis  and  is 
identical  with  that  arrived  at  in  References  5  and  6. 

Typical  nD  distributions  for  the  case  q  =  8  and  various  values  of 
S  are  shown  in  Fig.  2.  The  case  B  =  0  is  distinguished  Jby-a-fl^t  maximum 
at  x  *  0  while  the  other  curves  have  a  rntriimnm  there  which  deepens  as 
8  increases.  An  estimate  indicates  that  for  B  -  1  the  error  made  by  using 
Eq.  (11)  instead  of  Eq.  (10)  is  about  2  percent;  for  8=2  it  is  around  8 
percent.  In  the  limiting  case  6H»i  n  follows  the  power  law  distribution 
of  Eq.  (3).  Electrons  then  have  no  time  to  diffuse  and  their  distribution  is 
identical  to  that  at  birth. 

For  a  practical  example,  we  take  a  =  10-8sec-1cm3,  R  =  ^10  cm, 

3  2  ”1  10  3 

and  DQ  “  10  cm  sec  .  To  obtain  8  =  1 »  requires  ~  10  electrons/cm  . 

12  3 

In  view  of  the  fact  that  electron  densities  of  10  /cm  can  be  obtained  without 
difficulty  for  electrodeless  discharges  in  air,  this  is  a  rather  low  value  which 
indicates  a  strong  effect  of  volume  recombination  upon  the  shape  of  the  density 
profile. 


Some  explanation  has  to  be  given  about  the  role  of  the  quantity  q  in 
Eq.  (3)  which  enters  as  a  parameter  in  all  the  results  presented  here.  It 
accounts  for  the  field  nonuniformity  across  the  discharge  tube  and  is  defined 


■  o  /  d  In  y/D .  ,dE. 
"  R<— dE  >R<dF> 


(13) 


The  first  bracketed  term  is  entirely  determined  by  the  properties  of  the  air. 
The  second  one  can  be  influenced  by  tbs  strength  of  induction,  that  is,  ampere 

o 

turn  density  and  frequency  of  current  in  the  coil.  It  has  been  estimated  that 
q  cannot  be  less  than  about  2  but  may  assume  values  of  20  and  higher. 

2.2  THE  CHARACTERISTIC  EQUATION 

In  order  to  obtain  the  absolute  distribution  of  n  from  the  nD/nQDo  profiles 
in  Fig.  2,  additional  information  is  needed  in  two  respects.  First,  the  dis¬ 
tribution  of  D/DQ  has  to  be  known  which,  strictly  speaking,  must  come  from 
solution  of  the  electron  energy  equation.  This  distribution  is  not  critical 
however.  As  shown  in  Reference  4  it  can  approximately  be  derived  from  the 
distribution  of  E  and  a  crude  first  approximation  for  the  distribution  of  n/nQ 
can  in  fact  be  obtained  by  setting  D/T>0  =  1 .  The  essential  Information 
needed  is  the  value  of  ng  which  determines  the  level  of  electron  density. 

It  has  also  been  shown  in  Reference  4  that  for  a  diffusion  controlled 
inductive  discharge  an  effective  value  of  the  electron  density  n  can  be  cal¬ 
culated  for  the  higher  density  levels  where  the  penetration  depth  of  the  rf 
field  becomes  less  than  the  tube  radius.  Restriction  of  electron  production 
to  an  increasingly  more  narrow  wall  zone  will  increase  diffusion  losses  and 
require  a  higher  field  at  the  wall  for  maintaining  the  discharge,  n  can  there¬ 
fore  be  correlated  with  Eg  for  a  tube  of  particular  radius  R.  In  the  fol¬ 
lowing  we  will  indicate  how  this  procedure  must  be  generalised  when  the 
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electron  density  profile  Is  represented  by  xonewlse  solutions. 


The  condition  that  in  the  wall  zone  n£)  vanish  at  ,  and  only  there. 


determines  5R  as  a  characteristics  value 


R 


Xl» 


(14) 


where  Xj  is  the  first  root  of  Eq.  (5).  It  has  the  familiar  value  2.405  in  case 
the  matching  point  is  located  at  ?  =  0,  that  is,  Eq.  (5)  holds  over  the  entire 
tube  radius.  This  Is  the  limiting  case  anQ  -*  0  .  In  the  other  limiting  case 
when  fiie  wall  tone  becomes  infinitely  narrow  and  5  -  §g, ,  X^  approaches 
infinity.  Values  of  for  intermediate  cases  are  given  in  Reference  8. 


Combining  Eq*.  (14)  and  (8)  yields 
2  v  1/1 

q+2  <D>a  *  -  h  <“> 

9  -i/o 

As  is  well  known  .  the  ierm  (v/D)  represents  a  length  which  in  a  uni¬ 
form  field  discharge  (q  *  0)  equals  the  diffusion  length  A  of  the  container. 
Thus,  for  the  infinite  cylinder 


A  =* 

CO 


(16) 


For  a  finite  cylinder  of  length  L 


(17) 


R(X?  +  B2) 


-1/2 


whore  X,  =  2.406  and  8  =  ttB/L  . 


For  the  inductive  discharge  one  can  define  from  the  coordinate  trans¬ 
formation  Eq.  (6)  or  Eq.  (IS)  an  equivalent  uniform  field  radius  R'  which 
is  related  to  the  geometrical  radius  by 


R' 


2R 
q  +2 


(18) 


This  leads  to  the  following  expression  for  the  diffusion  length  of  the  inductive 
discharge 

A  -  R  xi  +  &  J  V2  <W> 

where  is  now  dependent  on  B. 


The  similarity  in  the  Eqs.  (10)  and  (11)  suggests  that  the  recombination 
losses  for  the  infinite  cylinder  be  treated  like  axial  diffusion  losses  in  a  finite 
cylinder  and  in  set  in  Eq.  (19) 


‘^2  J 

°o  RT. 


(12) 


Combining  then  Eqe.  (12),  (13),  (16),  and  (18),  we  obtain  the  desired  relation¬ 
ship  between  R  and  Eg, called  characteristic  equation  of  the  inductive 
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<21> 

H  R 

It  repxeseiito  tbs  gradient  of  E  at  the  wall  related  to  the  average  gradient  of 
E  acroaa  the  tube  radius  and  la  equal  to  (me  if  no  skin  effect  1b  present.  The 
argument  pR  in  Eq.  (21)  is  defined  by 

(22) 

where  a  la  an  effective  plasma  conductivity.  The  magnetic  permeability  u 
In  Eq.  (22)  has  been  assumed  equal  to  one.  1b  related  to  the  skin  depth 
6  by 

PR»ff.  <23> 

In  the  regime  where  the  discharge  is  sensitive  to  skin  effect,  w,  can  there¬ 
fore  obtain  a  value  for  the  plasma  conductivity  on  the  basis  cf  Eqs.  (20)  to 
(22)  If  we  know  the  relationship  between  R  and  ER  either  from  calculation 
or  from  tape  rim  ant,  From  the  conductivity  we  can  proceed  with  a  plausible 
assumption  about,  the  electron  collision  frequency  to  an  estimate  of  the  olectron 
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density  In  the  die  charge.  It  is  seon  from  Eq.  (20),  however,  that  the  recom¬ 
bination  term  requires  us  to  assume  a  value  for  aQ  so  that  the  electron 
density  level  can  be  obtained  only  through  an  iteration  procedure.  It  is  also 
not  simple  to  determine  the  proper  characteristic  value  since  this  makes 
it  necessary  to  establish  the  location  of  the  matching  point  ?  between  the 
wall  and  intermediate  region. 


An  estimate  has  indicated  that  the  first  term  on  the  right  side  of  Eq.  (20) 

3 

is  generally  of  the  order  10  .  To  bring  the  second  term  to  the  same  order 

would  require  with  the  values  for  <f*  D  ,  and  R  of  the  previous  example 

„„13  -3 

n  =  10  cm  . 
o 


Although  such  densities  are  not  unusual  for  inductive  dischai„ee,  it 
did  not  seem  warranted  to  include  volume  recombination  in  the  evaluation  of 
Eq.  (20)  at  this  time  because  of  the  still  considerable  uncertainties  in  the 
basic  data  and  the  large  amount  of  additional  labor  involved.  Rather,  it  was 
decided  to  calculate  n-values  on  the  basis  of  diffusion  losses  alone. 


With  anoB?/&0  =*  0  and  Xj  =  2.405.  Eq.  (20)  reduces  to  Eq.  (23) 


of  Reference  4, 


2.405 


l  +  ffi  f  \  rd  *£  v/fy 
1  +  2  f  PR>  <  dE  \ 

V  fg  11/2 
D  'SR' 


2. 3  CALCULATION  OF  EFFECTIVE  ELECTION  DENSITIES  FOR  DIS- 
CHARQES IN  AIR 

To  evaluate  the  relationship  between  R  and  Eg  from  Eq.  (24)  we 
have  to  know  the  variation  of  the  function  v/D  with  E<,  or  rather.  In  the 
general  form  with  gas  pressure  aa  parameter,  g  as*  function  of  E/p. 
Measurements  of  maintenance  fields  In  air  discharges  from  which  this  infor¬ 
mation  could  be  extracted  most  conveniently  are  not  available  In  sufficient 
quantity  and  quality.  However,  several  authors  have  measured  electric  break¬ 
down  fialda  in  microwave  cavities,  ard  these  data  yield  g  as  a  function 
of  E/p  ,  where  D_  is  the  free  electron  diffusion  ooeffiolent.  One  oan  there¬ 
fore  obtain  the  desired  information  by  substituting  D  for  D_ .  In  Fig.  3 

are  shown  tbs  results  of  Berlin  and  Brown10  and  the  more  recent  measure- 

12 

manta  of  MacDonald,  Gsukell  and  Glttennan  .  The  latter  data,  which  repre¬ 
sent  averages  from  a  greater  number  of  testa,  were  used  for  the  present  cal¬ 
culations  Values  of  ^  were  obtained  from  the  relationship 
P  u 

fc-ji:  '  <“> 

where  u+  add  y_  are  the  positive  ion  and  electron  mobilities,  respectively. 


In  air,  positive  ions  are  believed  to  be  mostly  NO  ions.  No  informa¬ 
tion  on  the  mobility  of  this  ion  could  be  found  in  the  literature,  -According  to 
the  compilation  of  data  given  by  McDaniel13,  mobilities  of  the  N+ ,  > 

A  4-  9  , 

N ^  and  O,,  ions  vary  between  1,8  aad-3.5  cm”/5So  V  at  760  Torr,  A  pro- 
bsble  value  of  2.  S  cm  /sec  V  was  therefore  assumed.  The  velue  is  not  critical 
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since  only  the  square  root  of  the  mobilities  enters  into  the  calculations.  For 

o 

fj_  a  value  of  400  em  /eoc  V  at  760  Torr  was  derived  from  the  recent  oe*- 

14 

surements  by  gchlumbohm  of  drift  velocities  of  electrons  in  nitrogen.  With 

—3 

the  above  value  for  u  +  ,  this  yields  p+  *  6. 25  x  10  . 


Since  the  driving  frequency  for  Inductive  discharges  is  several  orders 
of  magnitude  below  microwave  frequencies,  the  effect  which  electron  cooling 
between  driving  cycles  has  upon  the  time  averaged  ionization  frequency  must 
be  taken  into  account.  This  effect  1 as  been  calculated  by  Gould  and  ^ Roberts11 
for  E/p  vclues  up  to  50,  and  their  results  are  reproduced  in  Fig.  i.  The 
bottom  curve  represents  the  case  pi  *  0,  where  X  Is  the  wavelength  of 
the  driving  Feld.  In  the  regime  of  electrodeleaa  discharges  which  we  oon- 
sider.  pX  would  vary  from  about  19  to  10  which  is  beat  represented  by 
the  top  curve  labeled  pX  =  5  x  104=«  px  *»  .  Extrapolation  of  this  curve  to 
higher  E/p  values  has  been  carried  out  as  shown  in  the  figure.  It  is  facili¬ 
tated  by  the  measurements  of  Scbaiiman  and  Morita15  and  several  other 
authors  quoted  in  Beferenoe  15  whose  data  are  also  shows  in  Fig.  4.  Fortun¬ 
ately,  the  Modulation  factor”  represented  by  the  ratio  of  curves  pX  =  • 
to  pX  =  0  becomes  1^'  significant  for  high  E/p  values  ami  approaches 

one.  The  values  &r  \  i  obtained  before  vers  multiplied  by  this  factor 
P2 

and  the  resulting  function  was  found  to  be  representable  within  +  5%  by  the 


expression 


1  v  _  ,  . '  Bo , 

p2  D  *  A  «sp  <-  E  ) 
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with  A  =  25000  and  B  =  240. 


Combination  of  Eq.  (26)  with  Eq.  (24)  than  yields 


pR 


2,405 

A 


1  +  2  E^  *  ^b)  ****  2  E^ 


(27) 


The  evaluation  of  the  system  of  Eqs.  (21),  (22),  and  (27),  followed  closely 
that  described  in  Reference  4.  It  may  be  remarked  that  Eq.  (22)  ylaldB 

n 

a/p  as  similarity  parameter  if  pR  Instead  of  R  is  used  as  variable. 


In  order  to  obtain  .in  effective  electron  density  n  from  the  con¬ 
ductivity  data,  the  relationship 


n  „  a  m 

p"2 


(28) 


has  been  used  which  applies  if  vc  »  u) .  For  convenience  vc  has  been 
assumed  to  depend  on  p  only,  and  the  relation 


V<J  “  5. 3  x  109  p  (29) 

12  ^*5 

has  been  used  ’  .  Combination  of  Eqs.  (28)  and  (29)  yields  with  the  num¬ 

erical  valups  for  e  and  m 


1.9  x  10 


13 


(30) 
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where  a  is  in  Mhos/cm. 

The  results  of  these  calculations  are  shown  in  Fig.  5  where  n/p  is 

plotted  vs.  E/p  with  pR  as  parameter.  A  driving  frequency  of  8  Mc/sec  cor- 
7  -1 

responding  to  ^  =  5  x  10  sec  has  been  assumed.  The  curves  show  the 
following: 

1.  The  electron  density  level  increases  with  increasing  maintenance  field. 

2.  For  each  pR  exists  a  minimum  value  of  ER/p  below  which  the  dis¬ 
charge  cannot  exist. 

3.  For  ER/p  values  sufficiently  above  the  minimum  value  for  a  parti¬ 
cular  pR  ,  the  effect  of  pR  vanishes. 

The  first  two  results  are  plausible.  The  third  one  can  be  understood 
from  the  consideration  that  with  increasing  electron  density  the  skin  depth 
becomes  so  small  that  the  effect  of  curvature  of  the  tube  wall  becomes  insigni¬ 
ficant. 


The  selection  cf  pressure  if  of  course,  not  arbitrary  if  we  want  to  stay 
in  the  diffusion  controlled  glow  discharge  regime.  We  estimate  that  at  the  upper 
limit  of  the  graph  p  cannot  be  higher  than  about .  1  Torr  and  for  the  bottom  of 
the  graph  not  higher  than  about  3  Torr.  These  pressures  roughly  correspond 
to  altitudes  between  100, 000  and  200, 000  feet  and  are  within  the  range  of  interest 
for  reentry  experiments.  The  predicted  electron  densities  then  vary  between 
about  10  and  10  /cm  which  according  to  the  calculations  of  Sieko  and  Fiskin 
correspond  to  those  encountered  from  light  to  medium  severe  reentry  conditions. 
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While,  as  mentioned,  volume  recombination  losses  are  not  considered  in 
these  calculations,  for  the  sake  of  simplicity  some  effects  which  would  tend 
to  raise  the  electron  density  have  also  been  left  out,  most  significantly  the 
lowering  of  the  attachment  frequency  at  elevated  gas  temperatures  and  the 
reduction  in  diffusion  losses  by  the  pressure  of  the  rf  magnetic  field.  It  is 
likely,  however,  that  electricaL  insulation  or  cooling  problems  set  a  practical 
limit  to  operation  at  the  high  field  side. 

The  final  answer,  as  to  what  extent  the  calculated  data  are  realistic 
and  where  the  limits  are  has,  therefore,  to  come  from  experiments.  Die- 
gnostic  experiments  for  checking  the  calculated  data  are  under  way  but  coul 
not  be  finished  in  time  and  will  be  presented  in  a  later  paper*  Instead  we  are 
reporting  some  seeding  experiments  which  are  related  to  reentry  phenomena. 


♦Note  added  February  1967:  Limited  experimental  data  obtained  since  pre¬ 
sentation  of  this  paper  Indicate  fair  agreement  between  calculated  and  measured 
n-values  when  referred  to  the  same  pR.  The  measured  values  of  ER  are 
however,  lower  by  about  50  percent. 
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Section  3 

EXPERIMENTS;  PLASMA  CONTAMINATION 
BY  ABLATING  MATERIALS 

The  purpose  of  these  experiments  was  to  explore  the  behavior  of  some 
typical  ablating  materials  which  are  expected  to  influence  the  electron  density 
in  the  shock  envelope  and  the  wake  of  a  reentry  body.  The  tests  were  made 
with  an  arrangement  which  is  shown  in  Fig.  6.  The  discharge  vessel  is  here 
an  open  2  inch  diameter  quartz  tube  through  which  dry  air  is  flowing  at  a 
velocity  of  a  few  feet  per  second  and  at  a  pressure  of  0. 8  Torr.  At  the  exit 
section,  the  tube  is  traversed  twice  by  an  x-band  microwave  beam.  The  beam  is 
modulated  by  spinning  the  reflecting  microwave  horn  so  that  a  better  signal 
to  noise  ratio  is  obtained.  To  eliminate  reflections  from  the  tube  walls, 
quartz  segments  are  placed  at  a  quarter  wavelength  on  both  sides  of  the  tube. 
Since  attenuation  Is  very  slight,  the  electron  density  is  derived  from  phase 
shift  alone,  assuming  a  plausible  value  for  the  collision  frequency.  A  sample 
of  the  seeding  material  weighing  approximately  100  milligrams  is  placed  near 
the  front  end  of  the  tube  at  a  suitable  position  where  it  is  neither  vaporized 
too  fast  by  the  plazina  to  affect  the  discharge  noticeably  nor  too  slow  to  cause 
an  immeasurable  effect.  This  position  varieB  for  materials  with  different 
heats  of  vaporization  and  has  to  be  found  by  trial  and  error.  Usually  it  took 
eight  to  ten  mlnuteB  to  completely  vaporize  the  sample. 

With  solid  seeding  materials  a  problem  exists  in  determining  the  ratio 
of  seeding  rate  to  air  flow  rate.  Dividing  the  weight  loss  during  a  test  by  the 


test  time  yields  only  t  crude  averse*  of  vaporization  rates  since  these  rates 
vary  considerably  during  attest.  They  atari  with  zero,  go  through  a  maximum 
and  taper  off  to  zero  again  at  the  end  of  a  test  run.  Attempts  to  continually 
weigh  the  sample  by  suspending  it  on  a  tiny  beam  balance  did  not  succeed. 

It  was  therefore  decided  to  simply  correlate  the  oranges  in  electron  density 
with  the  observed  changes  in  static  pressure  of  the  plasma.  Since  the  cross 
section  of  the  flow  is  considerably  restricted  downstream  of  the  discharge 
zone,  one  can  expect  that  the  mass  addition  essentially  causes  a  rise  in  . 
pressure  rather  than  acceleration  of  the  flow.  According  to  Deiton'o  law, 
the  pressure  rise  is  proportional  to  the  relative  increase  in  tbs  number  of 
molecules,  provided  they  arc  at  the  same  temperature.  This  appears  to  be 
a  fair  assumption.  It  also  seems  Justified  to  disregard  the  electro  i  contri¬ 
bution  to  the  pressure.  Although  the  electron  temperature  may  exc«nd  that 
of  the  gas  by  an  order  of  magnitude,  the. relative  concentration  of  the  rlectrone 
is  only  of  ths  order  of  one  hundret'n  of  a  percent.  .The  number  of  mole  ioles 
may  be  changed  considerably,  however,  by  chemical  reactions  between  the 
seedant  and  air  components.  This  would  require  a  special  uivestigsllon  i. 
each  case  and  was  beyond  the  scope  of  the  present  tssts. 

The  measurements  resulting  from  two  materials  having  opposite 

effects  on  the  electron  density  are  shown  In  Fig.  7.  Before  seeding,  tus 
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electron  density  is  approximately  1.5x  10  Vem  .  Adding  the  combustion 
products  of  cork  causes  the  electron  density  to  rise,  and  at  an  overpressure 
of  55  percent  the  electron  density  has  increased  by  an  order  of  magnitude . 


. . 


When  the  sample  is  burned  out,  pressure  and  electron  density  return  to  their 
original  values.  The  effect  of  cork  may  ba  due  partly  to  its  content  of  rJkali 
metals  and  partly  to  thermal  electron  emission  from  soot  particles. 


Sublimation  of  teflon,  on  the  other  hand,  lowers  the  electron  concen¬ 
tration  as  the  second  curve  shows.  This  is  known  to  be  due  to  the  liberation 
of  fluorine  which  has  a  large  cross  section  for  electron  attachment.  That 
the  curves  for  rising  and  descending  pressure  do  not  coincide  indicates  that 
time  has  not  been  completely  eliminated  as  a  parameter.  Still,  one  can 
conclude  from  these  data  that  the  gross  effects  of  seeding  can  be  represented 
as  a  function  of  pressure. 


In  view  of  the  pressure  changes  of  up  to  fifty  percent  which  represent 
high  seeding  ratios,  the  obsen 'd  variations  in  electron  density  may  appear 
.rather  small.  One  must  consider,  however,  that -the  measurements  were 
made  downstream  of  the  discharge  where  the  plasma  Is  decaying  and  the 
effects  are  reduced.  There  Is  also  the  possibility  that  mixing  with  the  air 
stream  was  incomplete  although  the  strong  thermal  agitation  in  the  discharge 
aone  does  not  make  thi6  very  likely. 


Evidence  for  chemical  reactions  in  these  tests  was  obtained  from 

17 

spectral  observations  of  the  plasma.  Cork  produced  strong  CN  bands  at 
3883  A  ami  3590  A  as  is  shown  in  Tig,  8.  With  teflon,  weak  Si  lines  appeared, 
indicating  that  the  quartz  tube  had  been  attacked  by  fluorine. 


Although  these  test?  were  ~A  an  exploratory  nature*  they  demonstrate 
the  suitability  of  electrode  tee's  discharges  for  investigating  the  effect a  of 
seeding  materials. 
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ABSTRACT 


The  thermal  noise  emitted  by  the  plasma  sheath  is  of  great 
importance  in  communicating  with  hypersonic  vehicles.  In  order  to 
study  this  problem  it  is  essential  to  know  the  flow  properties  about 
the  vehicle  in  considerable  detail,  particularly  those  of  the  thermal 
boundary  layer.  The  flow  fields  of  models  mounted  in  the  free  stream 
of  a  hvpervelocity  shock  tube  have  been  carefully  studied  and  compared 
with  flight  conditions  in  order  to  simulate  experimentally  typical  re¬ 
entry  plasma  flows  over  an  antenna. 

In  the  past  the  shock  tube  has  been  widely  used  to  simulate 
re-entry  heat  transfer  at  the  stagnation  point  and  can  be  applied  to 
the  communications  problem  in  this  region  with  little  difficulty. 


The  research  reported  in  this  paper  was  sponsored  in  part  by  Contract 
No.  AF  33(657)  -10523  between  Air  Force  Avionics  Laboratory, 
Electrc.  iz  Warfare  Division,  Electromagnetic  Environmental  Branch, 
Propagation  Group,  Wright- Patter  son  Air  Force  Base,  Ohio  and  The 
Ohio  State  University  Research  Foundation. 

+  Aerodynamic  Laboratory,  Department  of  Aeronautical  and 
Astronautical  Engineering,  The  Ohio  State  University. 


However,  is  practice  as  antenna  is  usually  located  away  from  the 
stagnation  region  to  avoid  the  "blackout"  problem.  In  the  present 
study,  points  away  from  the  stagnation  region  have  also  been 
measured  in  the  shock  tube,  and  it  is  found  that  a  reasonable  degree 
of  simulation  can  be  obtained.  The  boundary  layers  on  shock  tube 
models  will  be  similar  in  nature  to  those  on  re-entry  vehicles,  and 
will  possess  the  same  dissociation  and  ionisation  effects,  even 
though  the  free- stream  Mach  number  will  be  considerably  lower  and 
flow  field  geometry  slightly  different  from  the  flight  case. 

A  simple  model  based  on  the  existence  of  guided  waves  in  the 
boundary  layer  ha-  been  adopted  to  explain  the  electromagnetic 
layer  properties,  in  particular  the  poise  temperature  of  a  small 
flush  mounted  antenna. 


THE  BASIC  NOISE  PROBLEM 

Much  attention  has  been  given  to  the  radio  blackout  produced 
by  the  hypersonic  plasma  sheath,  while  the  problem  of  plasma 
generated  noise  has  tended  to  be  overlooked.  A  blacked  out  signal 
is  of  somewnat  academic  interest.  In  practice,  in  an  important 
communications  link,  steps  will  be  taken  to  maintain  an  adequate 
signal  level.  This  will  be  done  by  careful  placement  of  the  antenna, 
by  use  of  a  transmission  frequency  above  plasma  cut-off,  or  by 
resorting  to  one  of  the  available  methods  of  plasma  control  such 
as  the  use  of  a  strong  magnetic  field.  Once  a  sufficient  signal 
level  has  been  obtained,  it  is  viie  signal- to- noise  ratio  which  becomes 
important  in  determining  system  performance. 

Plasma  generated  noise  may  be  of  two  types,  modulation  or 
thermal.  Modulation  noise  is  caused  by  variations  in  the  plasma 
sheath  resulting  from  vehicle  motion,  operation  of  control  jets,  the 
proximity  of  other  high  power  r,  f.  systems  and  so  on,  and  appears 
as  unwanted  modulation  or  an  r.  f.  signal  passing  through  the  plasma 
layer.  It  affects  equally  signals  transmitted  and  received  by  the 
hypersonic  vehicle.  It  is  also  very  much  dependent  on  the  particular 
system  configuration  and  for  this  reason  will  not  be  discussed 


further  here, 
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Thermal  noise  on  the  other  hand  is  generated  within  the  plasma 
itse'f  and  is  caused  by  the  thermal  motion  o £  the  free  electrons.  It 
is  normally  only  important  when  a  signal  is  being  received  by  the 
hyperscnic  vehicle.  In  the  transmitting  case  the  beam  area  of  a 
distan*  receiving  antenna  is  generally  such  that  the  plasma  sheath 
occupies  only  a  very  small  part  of  it.  A  proportionally  small  amount 
of  the  thermal  plasma  noise  is  then  coupled  into  the  distant  receiver. 
In  the  case  of  a  very  large  receiving  antenna  this  might  not  always 
be  true,  in  which  case  the  effect  of  the  plasma  generated  thermal 
noise  would  have  to  be  considered  for  both  directions  of  transmission. 
The  present  discussion  will,  however,  be  confined  to  the  case  when 
the  receiver  is  on  board  the  hypersonic  vehicle. 

Noise  temperature  will  be  used  here  rather  than  noise  power 
since  this  keeps  the  discussion  largely  independent  of  the  receiver 
characteristics.  The  two  are  of  course  related  by  the  familiar  linear 
equation: 

(1)  P  =■  kTB 

where  P  is  the  noise  power  in  watts 

k  is  Boltzmann's  constant  (1.  38  X  10’"**  joules/*K) 

T  is  the  noise  temperature  in  degrees  Kelvin 
B  is  the  bandwidth  in  cycles  per  second. 
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At  the  receiver  input  terminals,  T  will  be  made  up  of  the  equivalent 

receiver  noise  temperature  Tp  and  the  antenna  noise  temperature  Ta* 

Ta  will  depend,  among  other  things,  on  the  plasma  sheath.  Figure  1 

shows  the  situation  for  a  simple  antenna  aboard  a  re-entering  vehicle. 

Noise  will  be  contributed  by  the  ground,  the  atmosphere,  the  cosmic 

background  and  the  plasma  sheath.  There  will  also  be  a  contribution 

from  any  lossy  portions  of  the  antenna  structure.  When  low  noise 

receivers  are  used,  noise  sources  other  than  the  plasma  may  well 

be  significant  and  are  discussed  in  many  papers  on  low  noise  antenna 

/ 

systems,  for  example  Reference  1.  For  the  present  purpose  it  will 
be  assumed  that  the  contribution  from  all  these  may  be  neglected  and 
that  the  only  contribution  to  the  antenna  temperature  is  from  the 
plasma.  The  antenna  noise  temperature  will  then  be  given  by 

(2)  TA  -  «(1— R)Tp  . 

In  this  equation  Tp  will  be  the  physical  temperature  of  the  plasm?  if 
it  is  close  to  thermal  equilibrium  which  is  generally  the  case;  other¬ 
wise  it  will  be  the  electron  temperature,  a  is  the  emission  coefficient 
of  the  plasma.  For  thermal  equilibrium  it  is  also  the  absorption 
coefficient  for  the  signal  and  includes  loss  by  reflection  at  the  outer 
plasma  boundary  where  the  signal  is  reflected  back  into  the  plasma. 

R  is  the  power  reflection  coefficient  of  the  antenna. 


The  importance  of  the  plasma  with  regard  to  system  noise  will 
depend  on  the  magnitude  of  the  antenna  noise  temperature  compared 
to  the  receiver  noise  temperature.  The  deterioration  D  in  signal-to- 
noise  ratio  due  to  noise  alone  but  excluding  the  effect  of  signal  loss 
may  be  written  as 


(3)  D  =  III  t  TA- 

Tr 

or  substituting  from  Eq.  (2) 

(4)  D=  1  +  a(l-R)  •  ||  . 

At  first  sight  it  would  seem  that  a  high  reflection  coefficient  at  the 
antenna  would  be  an  improvement.  However,  there  is  an  additional 
deterioration  due  to  signal  Iobs  which  is  given  by 


10}  sj  = - 

{l-a)(l-R) 

Multiplying  Eqs.  (4)  and  (5)  gives  the  overall  deterioration  D0  in  signal- 
to-noise  ratio 


DD'  = 


1 


(1  -a)  {l-R)  l-at 


Tp 

TR 


From  this  it  is  evident  that  a  high  reflection  coefficient- is  harmful. 
Assuming  for  the  moment  that  it  is  possible  to  keep  the  antenna  matched 
oyer  a  wide  range  of  plasma  conditions,  Eq.  (4)  may  be  written 


(7) 


D  =  1  +  a 


Tp 

TR 


The  effect  of  plasma  noise  then  depends  only  on  a  and  the  ratio  Tp/Tg. 
However,  plasma  temperatures  are  measured  in  thousands  of  degrees 
Kelvin  while  the  noise  temperatures  of  modern  receivers  may  be  below 
one  hundred  degrees.  Quite  small  values  of  a  may  thus  produce  a 
significant  effect.  This  is  illu  rtrated  using  decibel  scales  in  Fig.  2. 

Signal  loss  is  also  shown  plotted  against  itself  in  the  figure  to  illustrate 
its  relative  importance.  It  is  evident  from  the  figure  that  in  practically 
all  cases  when  the  signal  loss  is  in  the  range  from  0. 1  to  lOdb,  plasma 
noise  is  of  prime  importance. 

SHOCK  TUBE  SIMULATION  OF  HYPERSONIC 
PLASMAS 

Evidently  the  noise  level  is  sensitive  to  quite  small  changes  in 
the  plasma.  It  is  thus  necessary  to  know  the  plasma  conditions  accurately 
if  the  noise  problem  is  to  be  properly  evaluated.  Unfortunately  the  plasma 
is  by  no  means  a  simple  uniform  layer.  It  is  bounded  at  the  outer  edge 
by  the  non-equilibrium  region  associated  with  the  shock  front  and  at  the 
vehicle  surface  by  a  boundary  layer.  Since,  in  practice,  antennas  are  not 
generally  placed  at  the  stagnation  point  but  at  some  position  further  aft, 
to  avoid  the  most  severe  plasma  conditions,  the  effects  of  flow  expansion 
and  possible  boundary  layer  turbulence  must  also  be  considered.  Some 
form  of  experimental  program  is  thus  virtually  essential,  which  brings 
up  the  question  of  whether  the  flight  conditions  can  he  accurately  simu¬ 
lated  in  the  laboratory. 
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Since  the  problem  is  basically  aerodynamic,  the  development  of 
facilities  to  simulate  hypersonic  flows  has  been  one  of  the  major  efforts 
of  the  engineering  approach  to  the  problem.  Hypersonic  wind  tunnels 
can  develop  sufficiently  high  Mach  numbers  but  generally  cannot 
approach  the  high  total  enthalpies  encountered  in  actual  flight.  Thus 
such  facilities  do  not  produce  the  real  gas  chemistry  which  is  the  cause 
of  re-entry  communications  difficulties.  Plasma  tunnels  are  another 
possibility,  but  flow  conditions  are  often  difficult  to  determine,  and 
high  enthalpies  cannot  always  be  obtained.  Impulse  facilities,  such  as 
the  shock  tunnel  and  the  shock  tube,  are  receiving  much  attention  and 
use.  The  shock  tunnel  can  produce  the  high  Mach  numbers  and  enthalpies 
needed  for  flight  simulation,  but  care  must  be  exercised  in  determining 
the  free  stream  flow  conditions  since  the  rapid  expansion  through  the 
nozzle  may  "freeze"  the  flow  composition  in  a  non- equilibrium  state. 

The  hypervelocity  shock  tube  has  been  used  extensively  for  stag¬ 
nation  point  heat  transfer  studies  2  ,3'4  and  also  for  measuring  thermal 
noise  emission.3  It  is  an  excellent  device  for  creating  clean,  high 
density  plasmas  for  communications  studies.  However,  it  has  not 
been  used  for  complete  flow  field  studies  since  the  free  stream  Mach 
number  is  relatively  low  m  the  operating  range  where  hypersonic 
stagnation  conditions  are  simulated.  The  hypervelocity  shock  tubes 
at  The  Ohio  State  University  Aerodynamic  Laboratory  can  duplicate 


the  inviscid  stagnation  point  conditions  over  a  great  portion  o£  the 
re-entry  map.  However,  the  stagnation  point  of  a  blunt  body  is  only 
a  limited  region  in  the  flow  field,  and  the  larger  question  is  what  degree 
of  simulation  can  be  obtained  in  flow  field  regions  away  from  the 
stagnation  region? 

Answering  this  question  is  the  purpose  of  the  present  study,  with 
the  primary  objective  being  the  use' of  shock  tube  generated  flows  to 
measure  thermal  noise  emission  on  a  blunt  body  downstream  of  the 
stagnation  region.  If  the  shock  tube  can  be  employed  for  noise  studies 
of  this  type,  it  may  then  be  possible  to  examine  the  effect  of  the  boundary 
layer  on  noise  emission.  The  boundary  layer  od  the  aft  region  of  a 
blunt  body  is  thicker  than  that  at  the  stagnation  region  and  may  have  a 
pronounced  effect  on  the  noise  level  reaching  the  antenna.  The  effect 
of  the  thermal  boundary  layer  on  microwave  noise  measurements  has 
been  observed  on  the  wall  of  the  shock  tube*  and  it  would  be  of  con¬ 
siderable  interest  to  observe  the  effect  of  boundary  layers  such  as  those 
found  on  models  mounted  in  the  shock  tube  free  stream. 

The  present  problem  is  primarily  one  of  similitude.  The  body 
selected  is  the  hemlcylindrically  blunted  flat  plate  at  zero  incidence. 

It  is  a  simple  two-dimensional  body  for  which  considerable  wind 
tunnel  data  is  available  in  the  open  literature  and  possesses  a  flat 
afterbody  for  uncomplicated  antenna  mounting.  The  parameters  that 
are  investigated  experimentally  are  shock  detachment  distance,  shock 
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shape,  and  pressure  distribution  over  the  body.  Since  the  shock  tube 
can  easily  produce  the  required  total  enthalpy  of  the  flow,  the  three 
parameters  mentioned  should  indicate  the  degree  of  inviscid  flow 
simile  ie. 

l'ie  experimental  work  was  performed  in  normal  air  in  the 
eupsrsoi  ic  free  jet  of  a  four-inch  diameter  hypervelocity  shock  tube. 
The  tube  uses  helium  as  a  driver  gas,  which  is  heated  by  an  electrical 
arc  discharge  from  a  capacitor  bank  with  a  maximum  energy  storage 
capacity  of  200, 000  joules.  The  general  layout  of  the  shock  tube 
facility  and  the  Schlieren  system  used  in  the  present  study  is  pre¬ 
sented  in  Fig.  3. 

The  flow  pattern  about  a  typical  model  in  the  free  jet  test  region 
is  shown  in  Fig.  4.  The  model  must  be  located  near  the  tube  exit  in 
order  to  remain  within  the  conical  supersonic  free  jet,  the  extent  of 
which  is  determined  by  the  Mach  anyle  of  Region  2.  The  free 
stream  flow.  Region  2,  is  considerably  different  from  the  free  stream 
encountered  in  hypersonic  flight,  even  though  stagnation  conditions  on 
the  model  may  be  identical.  Region  2  has  been  shock  heated  by  the 
traveling  normal  shock  to  an  elevated  temperature  and  is  partially 
dissociated  and  ionized  for  the  range  of  conditions  of  this  study. 

The  speed  of  sound  in  Region  2  is  considerably  increased  by 
the  initial  shocking  process.  Thus,  even  though  the  flow  velocity 
may  be  quite  high,  the  Mach  number  remains  in  the  moderate 


supersonic  range.  In  hypersonic  flight  the  flew  reaches  the  stagnation 
point  condition  by  passage  through  a  single,  strong,  normal  shock. 

To  reach  the  same  stagnation  condition  in  the  shock  tube,  the  flow 
passes  through  two  shocks,  and  therefore  each  of  these  must  be 
weaker  than  the  corresponding  hypersonic  flight  shock  wave.  Since 
the  bow  shock  about  the  shock  tube  model  is  weaker  than  its  flight 
counterpart,  the  change  of  flow  variables  across  it  will  be  less  severe. 
An  important  hypersonic  similitude  parameter  which  is  affected  by  this 
differenco  in  free  stream  conditions  is  the  normal  shock  density  ratio, 
k.  The  variation  of  the  shock  tube  free  stream  Mach  number,  M2  ,  and 
the  density  ratio  across  the  normal  portion  of  the  bow  shock,  k,  is 
presented  in  Fig.  5. 

The  effect  of  the  shock  tube  free  stream  dissociation  and  ioni¬ 
zation  on  non- equilibrium  phenomena  behind  the  model  bow  shock 
deserves  consideration,  particularly  the  question  of  relaxation  to 
equilibrium  behind  the  bow  shock.  Species  recombination  for  flow 
near  the  body  surface  should  not  depend  on  the  free  stream  conditions 
as  long  as  equilibrium  is  reached  at  the  stagnation  point,  since  all 
flow  over  the  afterbody  near  the  surface  will  be  in  equilibrium  near 
the  stagnation  region.  Since  the  shock  tube  free  stream  is  already 
raised  to  a  high  energy  level,  one  would  intuitively  feel  that  relaxation 
would  be  faster  behind  the  bow  shock  in  the  shock  tube  than  it  would 


be  in  the  flight  cage  where  the  free  stream  is  "cold".  This  has  been 
investigated  recently  in  the  present  facility,  and  results  obtained 
indicate  that  relaxation  is  faster  with  a  dissociated  free  stream.7 

_i  • 

The  mere  fact  that  relaxation  behind  the  bow  shock  in  the  sljock 
tube  is  faster  than  in  a  simulated  flight  condition  is  not  sufficient 
grounds  for  assuming  that  relaxation  phenomena  do  not  affect  the 
shock  tube  model  flow  field.  The  models  commonly  used  in  the  shock 
tube  are  usually  much  smaller  than  full-size  hypersonic  vehicles. 
Therefore  the  relative  importance  of  non- equilibrium  relaxation  must 
be  investigated  by  considering  typical  model  sizes. 

A  good  index  of  the  relative  importance  of  relaxation  behind  the 
normal  portion  of  the  bow  shock  is  the  comparison  of  relaxation 
distance  to  the  shock  detachment  distance.  The  relaxation  distance, 
de,  is  the  distance  behind  the  shock  at  which  the  flow  properties  are 
within  10%  of  their  equilibrium  values.  This  is  a  common  parameter 
in  relaxation  studies  and  is  presented  in  Fig.  6  for  the  shock  tube 
model  bow  shock.  The  diameter  selected  for  the  calculation  is 
3/8  inch,  the  smallest  model  used  in  the  present  study.  The  relaxation 
distance  curves  are  based  on  a  constant  flow  velocity  behind  the  bow 
shock  equal  to  the  velocity  immediately  behind  the  shock,  while  in  the 
actual  case  the  velocity  will  decrease  as  the  flow  senses  the  presence 
of  the  model.  Therefore  the  curves  represent  an  upper  limit  on  de. 


The  shock  detachment  distances  for  the  axisymr*  etriorijj&jfgfs'p here) 
are  from  Reference  8,  and  those  for  the  two-dimensional  curve 
(cylinder)  are  based  on  present  results.  Figure  6  does  3how  that  at 
low  pressures  and  low  shock  speeds  a  major  portion  of  the  nose  region 
for  this  small  model  size  can  be  in  non- equilibrium,  particularly  for 
the  axisymmetric  model.  For  the  two-dimensional  model  and  test 
conditions  of  the  present  study,  the  stagnation  region  of  the  flow  about 
the  model  was  definitely  in  equilibrium.  Since  the  equilibrium  distance 
is  inversely  proportional  to  the  initial  pressure  Ps ,  non- equilibrium 
effects  in  the  stagnation  region  can  be  virtually  eliminated  by  choosing 
a  high  enough  value  of  Pj .  The  problem  of  recombination  equilibrium 
during  the  expanding  portion  of  the  flow  over  the  body  is  therefore  as¬ 
sumed  to  be  unrelated  to  the  free  stream  conditions  except  by  the  fact 
that  the  limiting  pressure  for  the  expanding  flow  is  the  free  stream 
pressure  in  the  shock  tube,  P2  . 

The  test  program  included  four  measurements:  shock  stand¬ 
off  distance,  shock  shape,  body  pressure  distribution,  and  thermal 
noise  emission  from  the  shock  layer  at  some  body  station  away  from 
the  stagnation  point.  The  first  three  measurements  were  made 
using  the  single  pass  Z-type  Schlieren  system  described  in 
Reference  8  and  shown  in  Fig.  3,  The  pressure  measurements  of 
this  study  are  of  the  indirect  type,  inferred  from  Schlieren  photo¬ 
graphs  of  the  Mach  lines  emanating  from  the  model  surface.  Small 
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tape  slices  were  attached  to  the  surface  of  the  blunt  plate  model 
along  the  centerline,  with  the  leading  edge  of  each  slice  aligned 
parallel  to  the  leading  edge  of  the  plate.  The  Mach  lines  generated 
by  these  small  disturbances  on  the  surface  were  photographed  and 
the  Mach  angle  p  was  measured  as  a  function  of  body  station.  The 
flow  in  the  immediate  vicinity  of  the  afterbody  surface  has  expanded 
from  stagnation  point  equilibrium,  ;*n  expansion  that  is  assumed  to 
be  isentropic.  This  allows  the-Mach  number  distribution  to  be 
immediately  converted  into  a  pressure  distribution  by  the  use  of 
standard  "real  gas"  air  tables.  Pressure  data  were  obtained  only 
at  lower  velocities  and  enthalpies  and  relatively  high  initial  pressures 
(Pt  a  15  mm  Hg)  so  that  the  assumption  of  equilibrium  expansion  would 
allow  the  use  of  equilibrium  values  of  the  local  speed  of  sound.  This 
precaution  was  token  to  insure  the  validity  of  the  indirect  pressure 
measurement  technique.  The  present  data  for  both  the  nose  and 
afterbody  of  the  blunt  plate  are  compared  with  several  oth&r  results 
in  Fig.  7. 

The  degree  of  similarity  between  the  shock  tube  conditions  and 
those  of  free  flight  is  perhaps  best  illustrated  by  an  example.  Since 
it  is  the  plasma  temperature  and  electron  density  which  are  important 
In  determiai&g  the  noise  emission,  these  were  calculated  for  the 
specific  antenna  location  used  and  for  a  typical  shock  speed  and 
pressure  namely  MB  *  15  and  Pj  =  1. 0  mm  Hg.  The  corresponding 


flight  conditions  were  then  calculated  and  found  to  be  approximately 
y.jj  =  23,000  feet  per  second  at  an  altitude  of  110,000  feet.  Assuming 
for  the  moment  that  it  is  important  to  simulate  the  stagnation  region, 
this  choice  of  altitude  and  velocity  will  give  both  flow  fields  the  same 
total  enthalpy.  However,  the  shock  layer  on  the  flying  plate  at  this 
altitude  will  be  more  expanded  at  S/D  =  3  than  that  of  the  model,  and 
thus  the  inviscid  surface  conditions  will  not  be  equal.  If  the  inviscid 
surface  conditions  are  to  be  equal,  the  body  location  of  the  antenna  on 
the  flying  plate  will  necessarily  be  closer  to  the  shoulder  than  that  of 
the  model.  Using  the  blunt  wing  blast  wave  pressure  equation  of 
Reference  10  and  the  flight  shock  wave  properties  of  Reference  11, 
it  is  found  that  the  correct  location  for  simulation  on  the  flying  plate 
is  approximately  S/D  -  1.0.  Thus  inviscid  surface  conditions  on  the 
shcck  tube  model  at  Pj  =1.0  mm  Hg,  Ms  =  15,  and  S/D  =  3  are  equal 
to  conditions  on  the  flying  plate  at  Vo,  =  23,000  fps,  altitude  =  110,000  ft. 
and  S/D  =  1. 0.  There  may  be  an  infinite  number  of  flight  velocities, 
antenna  locations,  and  altitudes  giving  equal  thermodynamic  conditions, 
but  by  matching  the  total  enthalpy  and  stagnation  pressure,  the  isen- 
tropic  expansion  from  the  stagnation  point  of  both  the  flying  plate  and 
shock  tube  model  to  the  same  pressure  means  that  the  velocities  will 
be  equal  at  the  antenna  locations.  This  may  be  important  in  studying 
the  boundary  layer  effect  since  it  means  that  the  local  Reynolds  number 
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at  the  antenna,  based  on  distance  from  the  stagnation  region,  is  now 
entirely  determined  by  the  relative  size  of  the  two  bodies. 

Using  an  integral  method,  the  flow  properties  across  the  shock 
layer  for  the  two  antenna  locations  have  been  calculated  and  are  pre¬ 
sented  in  Fig.  8.  This  result  shows  the  absence  of  the  sharply  defined 
entropy  ls.yer  near  the  shcck  tube  model  afterbody.  In  the  flight  case, 
however,  the  flow  that  has  come  through  the  near- stagnation  region  of 
the  body  forms  a  layer  over  the  afterbody  with  severe  gradients  in 
the  flow  properties  occurring  beyond  this  layer  as  the  bow  wave  is 
approached. 

THERMAL  NOISE  MEASUREMENTS 

The  noise  measurements  were  made  at  a  frequency  of  10  Kmc/s, 
the  model  used  being  shown  in  Fig.  9.  The  antenna  consists  of  a 
dielectric  loaded,  open  ended  waveguide  and  is  located  three  body 
diameters  downstream  of  th^ blunt  plate  leading  edge.  It  is  shown 
surrounded  by  a  choke  ring  in  the  figure,  and  measurements  were 
made  both  with  and  without  this  ring.  Connection  to  the  measuring 
system  was  by  way  of  the  waveguide  port  seen  in  the  lower  left  hand 
corner. 

Equation  (2)  shows  that  for  the  measured  antenna  temperature 
Ta  to  be  related  to  the  plasma  temperature,  it  is  necessary  to  know 
both  the  absorption  coefficient  of  tb-'i  plasma,  a,  and  she  reflection 


coefficient  of  the  antenna,  R.  Over  most  of  the  range  of  measurement 
the  plasma  density  was  such  that  a  could  be  taken  as  unity.  The  error 
introduced  at  low  velocities  by  this  assumption  will  become  apparent 
on  examining  the  experimental  data.  It  was,  however,  necessary  to 
measure  the  antenna  reflection  coefficient. 

The  experimental  technique  used  is  illustrated  in  Fig.  10.  In 
order  to  obtain  both  the  noise  temperature  and  the  reflection  coefficient, 
a  pair  of  measurements  is  necessary.  For  the  first  of  these  a  sensitive 
radiometer  was  connected  directly  to  the  antenna.  The  radiometer 
consisted  of  two  traveling  wave  tubes  followed  by  a  detector  and  an 
oscilloscope.  It  had  a  bandwidth  of  about  700  Mc/s  and  an  integration 
time  of  about  5  p  eec,  this  latter  being  the  maximum  consistent  with 
the  desired  time  resolution.  The  radiometer  was  calibrated  before 
and  after  each  shot  using  a  known  noise  source  and  a  precision 
attenuator.  Then,  with  appropriate  allowance  for  transmission  loss 
in  the  model  and  connecting  waveguide,  the  observed  noise  temperature 
is  given  by 

{8}  T,  =  r(l-R)  Tp  . 

?t  was  measured  and  plotted  as  a  functic  i  of  3bock  velocity  for  an 
initial  pressure  Pj  of  1  mm  Hg.  A  second  series  of  tests  was  then  . 
run  asing  the  second  experimental  arrangement  shown  in  Fig.  10. 


This  time  the  observed  noise  level  was  a  combination  of  the  noise 
entering  the  antenna,  and  that  originating  from  a  known  noise  source  and 
reflected  by  the  antenna.  The  observed  noise  temperature  is  given  by: 

(9)  Ti  =  t*RTN  +  t(1-R)  Tp 

4  2 

P,  rs  of  temperatures  Tt  and  T2  ,  measured  at  the  same  shock  velocity, 
were  then  substituted  into  Eq.  (8)  and  (9)  and  the  corresponding  values 
of  Tp  and  R  calculated. 

The  oscilloscope  noise  traces  fall  into  two  distinctly  different 

groups,  depending  on  the  shock  velocity.  Figure  1 1  presents  one 

_\ 

sample  trace  from  each  category  to  illustrate  thi^  affect.  Both  are 

measurements  of  antenna  noise  alone,  that  1b  of  Tj .  For  low  speed 

ruri  (Ms<  11)  the  temperature  is  nearly  constant  during  the  flow 

time  and  the  buildup  time  is  short.  For  speeds  above  Ms  «  11  there  is 

a  definite  overshoot  in  temperature  followed  by  a  gradual  decay  to  a 

relatively  constant  value  for  the  dura :i on  of  the  test  time.  There  are 

* 

two  possible  reasons  for  this  phenomenon,  both  of  which  probably 
contribute  to  the  effect.  Ono  ip  the  passage  of  the  traveling  normal 
shock  over  the  body,  which  produces  a  transient  non-equilibrium 
overshoot  in  temperature.  This  overshoot  is  quite  high  in  magnitude, 
but  due  to  its  extremely  short  duration,  the  effect  may  only  be  partially 
felt  by  the  radiometer,  which  has  a  rise  time  of  several  microseconds. 


However,  some  contribution  must  expected.  The  other  reason  is  the 
time  dependent  buildup  of  the  flow,  particularly  the  boundary  layer, 
after  the  passage  of  the  traveling  normal  shock  over  the  body. 

As  the  boundary  layer  builds  up,  the  field  of  view  of  the  antenna  is 
increasingly  affected  and  the  recorded  temperature  level  will 
decrease,  since  the  antenna  sees  the  entire  boundary  layer  but  only 
a  limited  depth  of  the  shock  layer.  This  is  due  to  the  "blackout" 
caused  by  the  high  electron  density  and  plasma  frequency  at  the  higher 
spe^d  runs. 

In  order  to  study  this  boundary  layer  effect  further,  two  completely 
separate  sets  of  measurements  were  made.  The  first  set  was  made 
using  a  simple  open  ended  waveguide  antenna.  For  the  second  set  the 
choke  ring  shown  in  Fig.  9  was  added.  The  reduced  temperature  data 
from  both  sets  are  shown  in  Fig.  12  and  the  reflection  data  in  Fig.  13. 
Referring  to  Fig.  12  the  choked  antenna  temperature  is  only  slightly 
lower  than  the  plasma  temperature  in  the  midportion  of  the  velocity 
range,  indicating  relatively  little  boundary  layer  effect.  At  low 
velocities  it  falls  short  due  to  the  thin  plasma;  the  assumption  that 
the  absorption  coefficient  or  is  equal  to  unity  is  no  longer  valid.  At 
high  velocities  it  again  falls  short  due  to  the  increasing  influence  of 
the  boundary  layer.  The  unchoked  antenna  on  the  other  hand  shows 
a  markedly  lower  temperature  over  the  whole  of  the  velocity  range 
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indicating  a  strong  boundary  layer  dependence.  The  temperature 
overshoot  referred  to  earlier  in  connection  with  Fig.  1 1  is  also 
indicated  in  Fig.  13.  It  falls  short  of  the  non- equilibrium  temper¬ 
ature  behind  the  moving  normal  shock  because  of  the  limited  rise 
time  of  the  radiometer  mentioned  previously.  However,  it  is 
considerably  abovo  the  plasma  equilibrium  temperature  at  the  antenna, 
location  indicating  that  it  is  not  simply  a  boundary  layer  effect. 

The  part  played  by  the  boundary  layer  can  perhaps  be  clarified 
by  reference  to  Fig.  14.  Within  the  boundary  layer  there  exist  both 
a  temperature  gradient  and  an  electron  density  gradient  which  increase 
up  to  the  equilibrium  values  at  the  outer  edge  of  the  layer.  For  dense 
plasmas  there  will  also  be  a  point  along  this  gradient  where  the  plasma 
frequency  equals  the  measuring  frequency.  At  this  point  the  conductivity 
of  the  plasma  is  high.  In  the  unchoked  case  this  layer,  where 
forms  the  lossy  wall  of  a  waveguide  tee.  The  antenna  couples  almost 
entirely  to  this  layer,  and  the  observed  noise  temperature  is  essentially 
the  layer  temperature.  When  a  choke  is  added  a  short  circuit  is  thrown 
across  this  "waveguide",  and  the  antenna  is  forced  to  look  outwards. 

The  conductivity  of  the  plasma  is  still  high,  and  so  the  reflection  coefficient 
of  the  choked  antenna  will  be  higher  than  for  the  unchoked  case.  However, 
when  allowance  is  made  for  the  reflection  coefficient,  as  was  done  in 
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these  experiments,  the  observed  noise  temperature  will  be  much 
closer  to  the  equilibrium  value  for  the  choked  antenna. 

CONCLUSIONS 

It  has  been  shown  that  in  situations  where  partial  transmission 
through  the  plasma  sheath  is  possible,  plasma  generated  thermal 
noise  is  of  the  utmost  importance  in  determining  the  performance  of 
a  receiving  system  aboard  a  hypersonic  vehicle.  It  has  also  been 
demonstrated  that  small  models  mounted  in  the  free  stream  of  a 
shock  tube  can  be  successfully  used  for  the  study  of  plasma  noise 
emission  at  points  away  from  the  stagnation  region,  provided  care  is 
exercised  in  scaling  the  relevant  parameters.  Experimental  noise 
studies  have  shown  that  at  high  plasma  densities  the  antenna  noise 
temperature  is  closely  related  to  the  characteristics  of  the  thermal 
boundary  layer. 
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ABSORPTION  LOSS  THROUGH  PLASMA  (db) 

Increase  in  noise  level  as  a  function  of  plasma  temperature  and  absorption, 
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Fig.  3.  Layout  of  shock  tube  and  Schlieren  system. 
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Fig.  8 


Calculated  variation  of  properties  across  the  shock  layer 
at  the  respective  antenna  locations  for  the  flight  and  shock 
tube  conditions  of  the  similitude  example. 


Fig.  9, 


Model  used  for  thermal  noise  measurements, 
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Sample  recordings  of  noise  temperature  Tj  showing  the 
temperature  overshoot  phenomenon  at  higher  shock  speeds, 
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Fig*  14.  Showing  the  effect  of  &  choke  on  antenna  noise  temperature 
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Air  Force  Cambridge  Research  Laboratories 
Bedford,  Massachusetts 

Abstract 

The  radiation  characteristics  of  axial  slots  on  a  cylinder  which 
is  covered  by  a  layer  of  plasma  has  been  studied  by  means  of  a  plasma 
simulation  technique.  The  relative  index  of  refraction  of  less  than 
unity  between  the  plasma  and  free  space  is  maintained  for  the  model 
by  an  analog  tank  which  represents  "free -space"  by  a  high  dielectric 
constant  liquid  and  the  plasma  by  a  lower  dielectric  material.  This 
technique  differs  from  a  previous  simulation  method  in  that  the  models 
can  be  immersed  into  the  tank,  rather  than  being  kept  external.  This 
modification  allows  the  study  of  nonplanar  geometries  of  complex  shapes. 

Antenna  patterns  of  axial  slots  on  cylinders  of  various  radii  and 
thickness  of  plasma  covering  were  observed  to  have  good  agreement 
with  theory  for  radiation  in  the  equatorial  plane.  These  measurements 
are  being  extended  to  radiation  from  finite  bodies,  such  as  the  finite 
cone  and  cylinder.  In  addition,  the  effects  of  varying  radii  of  curvative 
upon  the  admittance  properties  of  the  radiators  are  under  study. 
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1.  INTRODUCTION 

The  effects  of  plasma  sheaths  and  rocket  exhausts  on  electro¬ 
magnetic  radiation  from  space  vehicles  have  been  the  subject  of  much 
research*  Since  plasmas  have  complicated  structures  and  the  vehicles 
have  complex  geometries*  analytic  solutions  are  not  always  possible. 

Many  simplifying  assumptions  and  approximations  have  to  be  made. 

An  experimental  technique  that  would  more  realistically  simulate  plasma 
conditions  and  provide  the  means  for  checking  theoretical  predictions  has 
long  been  sought. 

Among  the  variety  of  devices  suggested  -  ,.d  used  in  plasma 

simulation  have  been  lumped  electric  elements  and  mechanical  analogs.  * 

Artificial  dir-lectrics  whose  electrical  characteristics  are  similar  to  those 

2-3 

of  a  plasma  have  also  been  used,  among  them  a  medium  comprised  of 
periodically  spaced  lattice  of  metal  rods,  and  another  a  parallel -plate 
guide  carrying  the  fundamental  TE^ ^  mode. 

Some  simulation  techniques  have  limited  application.  For  example, 

</ 

an  artificial  medium  made  of  metal  spheres  or  consisting  of  holes  in  plates 
or  dishes  may  have  a  propagation  constant  equivalent  to  that  of  a  plasma 
but  a  relative  magnetic  permeability  that  differs  from  unity.  A  conductive 
solution  of  an  acid  or  salt  may  have  the  proper  attenuation  constant  but  a 
refractive  index  greater  than  unity.  The  degree  of  applicability  of  these 
simulation  techniques  is  therefore  limited  since  only  one  or  two  of  the  scalar 
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parameters  of  a  plasma  are  simulated. 

This  paper  describes  a  technique  of  plasma  simulation  in  wnich  the 

relative  index  of  refraction  of  less  than  unity  between  the  plasma  and 

free  space  is  maintained  by  using  two  contiguous  real  dielectric  media. 

Free  space  is  represented  by  a  liquid  of  high  dielectric  constant,  and  the 

plasma  by  a  material  of  lower  dielectric  constant.  The  technique  differs 

4 

from  a  previous  simulation  method  in  that  here  the  experimental  models  are 
not  outside  the  liquid  dielectric  but  immersed  in  it.  The  modification  allows 
for  studying  nonplanar  geometries  of  complex  shapes. 

2.  THEORY 

For  weak  signal  interact!  'ns  and  in  the  absence  of  static  magnetic 
fields,  the  plasma  can  be  represented  as  an  isotropic,  linear,  lossy- 
dielectric  whose  magnetic  permeability  is  unity.  Under  these  restrictions 

the  plasma  has  a  complex  index  of  refraction  whose  real  part  is  less  than 

.  5  ^ 

unity.  Then 


where 

t  =  dielectric  constant  of  free  space 
o 

=  plasma  frequency 

^  v  =  collision  frequency 


s 


If  V  £s  Of 


(U  =  operating  frequency 
•Up  =  dielectric  constant  of  plasma. 


e  0) 

-E  =  1  -  -p-  . 

*o  u)2 


Further,  if  0  <  <  1, 


’  sn  0  <  —  <  1. 
eo 


or  n  <  1, 
r 

j  /  ^ 

where  the  relative  refractive  index,  n^,  equals  (ep/ec) 

Since  real  dielect.' ics  always  have  refractive  indices  greater  than 
unity  while  lossless  plasmas  always  have  refractive  indices  less  than  unity, 
real  dielectrics  cannot  be  substituted  directly  for  the  plasma  in  a  simulation 
experiment.  The  present  technique  is  therefore  based  upon  a  double  substi¬ 
tution  in  which  the  free-space  region  is  replaced  by  a  liquid  of  ':igh  refrac¬ 
tive  index  and  the  plasma  by  (including  air)  of  lower  refractive  inder.. 

It  is  readily  shown  be^ow  that  the  radiation  pattern  and  normalized 
aperture  impedan  r,  of  a  suitably  scaled  model  of  a  dielectric  clad  antenna 
ueoends  on  the  ratio  of  the  constants  of  the  cladding  layer  and  the  surround- 

6’  J. 

i  medium,  rather  than  only  upor  absolute  values. 

From  the  dimensionless  form  of  Maxwell's  equations,  it  is  seen 


— — 


that  the  scaling  relations  for  any  electromagnetic  problem  depend  on 
certain  dimensionless  combinations  of  the  parameters  that  characterize 
the  media: 


p«  X  1  =  A 


(1) 


JiCT  X  2f  ■  B 


(i) 


where 


O 


J.  3  cha  i  acter i stic  length  of  model, 
f  a  frequency, 
cr  =  conductivity, 
p  :  magnetic  permeability, 

v 

c  3  dielectric  constant,  and 
A  and  B  are  constants  * 

The  relative  spatial  relations  of  the  fields  in  corresponding  regions 
of  two  systems,  A  and  B,  will  be  preserved,  provided  that: 


/2  tz  ■ 

Va-Va' 


/2  2 
^B^B  fB 
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and 


u  CT  ^  ^  a  kjL  Q  j£.  **  f ^  * 

*A  A  A  A  TS  B  B  B 


(4) 


Here  the  subscripts  A,  B  refer  to  systems  A  and  B  respectively. 

The  constraints  are  now  imposed  that  m  ^(*11^}  and  f  *  f^. 

Then, 


'a/'b'^b/^a  • 


(5) 


and 


./%"  ^bAa  • 


(6) 


The  proper  scaling  relations  will  therefore  be  maintained  in  the 
two  systei.is,  provided  that  all  dimensions  are  scaled  in  proportion  to  the 
characteristic  lengths  and  that  the  ratios  of  dielectric  constants  and  con¬ 
ductivities  fur  corresponding  points  in  the  two  systems  be  kept  constant  in 
accordance  with  Eqs.  (5)  and  (6).  For  two  sets  of  corresponding  regions 
in  each  system  (indicated  by  the  additional  subscripts  1  and  2  respectively), 
Eqs.  (5)  and  (6)  also  impose  the  related  constraints: 
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It  should  be  noted  that  equations  (5)  through  (8)  involve  only  ratios 

of  dielectric  constants  and  conductivities.  An  antenna  system,  consisting  of 

plasma-free  space  interfaces,  can  therefore  be  simulated  by  another  system 

i  in  which  the  free  space  (*  .  ■  «  )  is  replaced  by  a  material  of  high  dielectric 

i  Aio 

V  constant  (t  ,  >  <  }  and  the  plasma  (c  _  <  t  }  replaced  by  free  space  or  air 

U 1  O  A£  O 

(«  s  *  )•  The  characteristic  dimensions,  as  well  as  the  wavelength,  are 

D6  O 

then  scaled  in  accordance  with  Eq.  (5).  Both  systems  are  assumed  lossless 
so  that  the  conductivity  <7  is  everywhere  zero.  The  physical  model  then 
consists  of  an  anechoic  (reflection-free}  chamber  filled  with  a  high  dielectric 
material  in  which  a  scale  model  of  the  antenna  under  test  is  immersed.  The 
plasma  is  represented  by  a  low -dielectric  constant  or  air  layer  over  the 
antenna.  It  should  be  noted  that  this  simulation  is  only  correct  at  a  single 
frequency  since  the  plasma  is  dispersive  while  real  dielectrics  are  not. 
Furthermore,  this  simulation  technique  is  not  applicable  for  frequencies  at 
which  the  dielectric  constant  of  the  plasma  is  zero  or  negative. 

3.  EXPERIMENTAL  RESULTS 

Besides  the  physical  restrictions  enforced  by  electromagnetic 
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requirements,  there  are  mechanical  restrictions  on  the  types  of  real 
dielectric  materials  that  can  be  used  to  simulate  free  space.  The  medium 
simulating  free  space  may  not  be  a  solid  since  a  solid  does  not  accommo¬ 
date  insertion  of  a  model.  A  uniform  granular  composition  is  acceptable 
only  for  static  tests  like  measurements  of  impedance  because  such  tests 
require  no  movement  of  the  model.  A  liquid  appears  to  be  the  most  suit¬ 
able  medium  since  it  allows  for  both  static  and  dynamic  experimental  tests. 

A  greater  choice  is  available  for  selecting  the  medium  to  simulate 
the  plasma.  It  may  be  a  solid,  gas,  or  liquid.  In  the  case  described  in 
this  paper,  a  liquid  dielectric  was  chosen  to  simulate  free  space,  and  air 
to  Simula. c  the  plasma.  Plexiglas,  whose  dielectric  constant  approximates 
that  of  the  liquid  dielectric,  was  used  as  a  separator  between  the  two  media. 

A  schematic  of  the  experimental  setup  is  shown  in  Figure  1.  The 
dimensions  of  the  metal  tank  that  contains  the  liquid  dielectric  are  2.  5  ft 
by  2. 5  ft  by  4.  5  ft,  corresponding  to  dimensions  of  37  by  37  by  67  wave¬ 
lengths  (measured  in  the  dielectric)  at  the  operations  frequency  of  9500  Mcps. 

4* 

The  tank  has  a  capacity  of  about  two  hundred  gallons  of  liquid  dielectric. 

Its  inside  walls  are  lined  with  mic«&vave  absorber,  spiked  to  minimize 
reflections,  which  is  protected  by  a  plastic  liner  since  it  would  otherwise  • 
dissolve  ir.  the  liquid  dielectric. 

Since  the  liquid  dielectric  occupies  a  large  experimental  volume, 
there  are  many  safety  factors  to  be  considered.  It  must  be  noncorrosive; 
its  vapors  must  be  nontoxic;  its  flash  and  flame  points  must  have  high 
temperature  thresholds.  Also,  for  electromangetic  reasons,  it  must 


have  a  low  loss  tangent  to  prevent  any  marked  signal  attenuation. 


The  liquid  dielectric  selected  for  the  medium  to  simulate  free 

space  was  a  secondary  plasticizer  for  vinyl  chloride  and  other  resins. 

HB-40  (Monsanto  Chemical  Company).  It  does  not  attack  metal  or  plexi- 

glas  but  does  attack  plastics  such  as  polystyrene.  At  10K  Mcps,  HB-40 
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has  a  dielectric  constant  of  2.4,  and  a  loss  tangent  of  0.0017. 

Experimental  tests  completed  to  date  have  yielded  the  radiation 
patterns  of  a  plasma-clad  axially-  slotted  cylinder  such  as  shown  in 
Figure  2.  The  results  are  compared  to  the  theoretical  radiation  patterns 
which  are  computed  from  an  analysis  of  the  plasma-clad  slotted  cylinder 
by  Wait.  ® 

The  radiation  patterns  in  Figure  3  of  the  unclad  axially  slotted 
cylinder  of  two-inch  diameter  (Model  I--see  Table  l  for  dimensions  of  all 
models),  show  that  the  free-space  pattern  and  the  simulated  environment 
pattern  closely  agree  with  theory,  although  the  two  experimental  beam- 
widths  are  slightly  narrower  from  about  ±45°  to  ±180°. 

The  radiation  patterns  for  this  same  cylinder  with  a  four -tenths 
inch  simulated  plasma  coating  (Model  II)  are  shown  in  Figure  4.  The 
theoretical  curves  predict  the  main  effects  of  the  lossless  plasma  layer 

to  be  a  narrowing  of  the  beamwidth  and  a  slight  change  in  the  shape  of  ‘ 

/  * 

the  sidelobes.  The  experimental  patterns  exhibit  the  narrowing  effect 

caused  by  the  plasma  layer  and  also  show  the  altered  sidelobes. 

Figure  5  shows  the  radiation  pattern  of  the  two-inch  diameter 
'cylinder  (Model  HI),  but  now  the  plasma  thickness  has  been  increased 
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to  one  inch.  The  effect  of  the  plasma  layer  is  to  narrow  the  main 
beam  slightly.  The  experimental  pattern  closely  follows  all  the  varia¬ 
tions  in  the  theoretical  pattern.  For  purposes  of  clarity  the  experimental 
pattern  of  the  beam  without  the  plasma  has  been  omitted. 

Next,  the  diameter  of  the  cylinder  was  increased  to  three  inches 
and  the  plasma  thickness  set  at  one-half  inch  (Model  IV).  The  beamwidth 
narrowing  caused  by  the  plasma  is  quite  noticeable  (Figure6)  but  there  is 
a  larger  divergence  between  theory  and  experiment  than  shown  by  the 
previous  models. 

The  beamwidths  of  the  experimental  patterns  for  both  unclad  and 
plasma-clad  models  were  narrower  than  predicted  by  theory.  This  is 
partly  because  the  theoretical  curves  were  derived  for  an  infinitely  thin 
slot,  whereas  the  experimental  slots  had  a  finite  width.  In  addition,  the 
following  two  experimental  conditions  contributed  to  the  narrowing  of  ihe 
experimental  beam: 

1)  The  separation  between  transmitter  and  receiver  is  limited 

by  the  longitudinal  dimension  of  the  tank.  The  far  field  requirement 

2 

for  a  plane  wave  across  a  receiving  aperture  is  given  by  L  =  2D  /\ 

where  D  is  the  effective  aperture  and  L  is  the  transmitter -receiver 

/ 

f  t 

separation.  Unfortunately,  for  the  cylinders  with  diameters  of  three 

j  * 

inchfes  and  above,-  this  criterion  for  phase  and  amplitude  uniformity 

i 

ac/oss  the  receiving  aperture  could  not  be  met  within  the  available 


2)  Unwanted  reflections  often  have  adverse  effects  on  the 
radiation  pattern  of  any  antenna;  in  an  enclosed  area  such  as  a  tank,  these 
adverse  effects  are  accentuated.  Since  microwave  absorber  ordinarily  is 
matched  to  free  space,  its  absorption  capability  in  another  medium  lecreases^ 
and  reflections  correspondingly  increase.  Radiated  energy  that  hits  the 
side  walls  of  the  tank  at  almost  grazing  incidence  and  is  not  absorbed  may 
combine  with  the  direct  radiation  and  cause  a  considerable  amplitude  taper 
across  the  receiver  aperture. 

The  amplitude  across  the  receiving  aperture  of  the  three  inch 
diameter  cylinder  varies  by  about  1.5  db,  having  a  minimum  value  at  the 
edges.  The  radiation  patterns  of  the  cylindrical  antennas  show  a  beam 
narrowing  caused  by  this  tapered  amplitude  front,  as  well  as  by  their 
inherent  directivity.  This  effect  causes  a  deviation  between  the  experimental 
results  and  the  theory  which  assumes  a  uniform  amplitude  across  the 
aperture. 

The  limitations  imposed  by  the  far  field  requirements  and  by 

excessive  reflections  from  the  side  walls  may  be  overcome  by  placing  the 

receiving  antenna  under  test  in  the  near  field  of  a  transmitting  antenna  whose 

aperture  is  comparable  in  dimension  with  the  cross-section  of  the  rank. 

The  fields  in  this  near -zone  of  the  transmitter  can  be  made  uniform  in  both 

9 

phase  and  amplitude  fay  suitable  antenna  design,  thereby  eliminating  the 
far-fieid  restriction.  Further,  this  plane  wave  launcher  also  collimates  the 
radiated  energy  so  that  it  is  normally  incident  upon  the  back  wall  of  the  tank. 
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thereby  eliminating  the  grazing  reflections  from  the  side  walls.  A 
suitable  design  for  such  a  plane  wave  launcher  could  consist  of  a  large 
parabolic  cylindrical  reflector  which  is  illuminated  by  resonant  line 
source  feed. 

4.  EXTENSIONS  OF  THE  TANK  PLASMA  SIMULATION  TECHNIQUE 

Since  the  experimental  models  are  totally  immersed  in  the 
simulation  medium,  nonplaaar  model  shapes,  whose  complicated  geometry 
makes  them  difficult  to  analyze  theoretically,  can  be  studied  experimentally. 
Figure  7  shows  a  few  of  many  possible  configurations  that  can  be  used  to 
determine  plasma  effects  on  radiators  that  are  located  on  finite  bodies. 
Several  of  these  models  are  now  under  investigation. 

An  advantage  of  the  plasma  simulation  method  is  that  the  normalised 
impedance  of  a  simulation  model  can  be  directly  compared  with  the  impedance 
of  a  similar  plasma-clad  radiator,  and  the  effects  of  the  plasma  on  the 
normalized  aperture  impedance  of  an  antenna  determined.  The  use  of  plexi- 
glas  as  a  separator  between  the  air  and  the  liquid  dielectric  allows  investi¬ 
gation  of  many  classes  of  plasma  problems.  Among  these  are  ;he  case  of 
a  plasma  composed  of  several  stratified  layers,  each  layer  having  a  different 
dielectric  constant  (Figure  8a},  and  the  case  of  a  plasma  that  does  not  touch 
the  surface  it  envelopes  (Figure  8b). 

~V- 

5.  SUMMARY 

Antenna  patterns  of  axially  slotted  cylinders  of  various  radii  and 
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various  thicknesses  of  plasma -simulating  media  have  shown  good  agree¬ 
ment  between  experimental  results  and  theoretical  predictions,  in  the 
equatorial  plane.  The  described  plasma  simulation  technique  is  being  used 
to  determine  the  influence  of  plasma  or,  normalized  aperture  impedance  and 
its  role  in  the  radiation  patterns  of  nonplanar  and  finite  bodies  such  as  cones 
and  cylinders.  The  effects  of  varying  radii  upon  the  admittance  properties 
of  the  radiators  are  also  being  studied,  as  is  the  feasibility  of  using  the 
plasma- simulation  technique  to  reproduce  the  effects  of  a  time -varying 
or  turbulent  medium  on  electromagnetic  energy. 
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TABLE  1 


Model 


Electrical  Dimensions 
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2,00 

-- 
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2.50 

— 
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H 

2.00 

0.40 

0.80 

2.50 

0.50 

8 

11 

HI 

2.00 

1.00 

0.80 

2.50 

1.25 

8 

16 

IV 

3.00 

0.50 

0.80 

3.75 

0.62 

12 

16 

Frequency  of  operation  =  9  5  00Mcps 


Also: 


a  -  outer  radius  of  metal  cylinder 
t  =  thickness  of  plasma  layer  (b-a) 

b  =  outer  radius  of  metal  cylinder  plus  cladding  dielectric  layer 
d  =  diameter  of  metal  cylinder 
\m=  wavelength  in  the  medium 


B  = 
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LOSSLESS  PLASMA  COATING 


2. 


Plasma -Clad  Axially  Slotted  Cylinder  Model 
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LONGITUDINAL  SLOT  ON  CONE 
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Radiators  on  Finite  Bodies 
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Simulation  of  Plasma  Layer: 

(a)  Stratified,  (b)  Noncontacting 
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ABSTRACT 

Electromagnetic  phenomena  influencing  the  radio  link  performance 

i 

between  a  launch  vehicle  and  ground  stations  in  the  presence  of 
the  rocket  exhaust  flame  are  identified  end  the  state  of  the  art 
analyses  of  these  phenomena  ere  reviewed.  The  propagation  problem, 
through  and  about  the  inhosiogeneous  plasse,  is  considered  in  detail 
and  a  geometrical  optics  approximation  for  a  laminar  exhaust  flow  is 
discussed  considering  reflection,  diffraction  and  re free tic  _  phen¬ 
omena.  An  integrated  computer  progrem  is  described  vhich  automates 
the  computational  steps  of  this  approximation,  limitations  and. 
restrictions  of  the  approximation  are  discussed  end  t  sac^le  com¬ 
putation  is  presented. 
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I, INTRODUCTION 

Uninterrupted  radio  links  between  a  launch  vehicle  during  a  powered 
ilight  and  ground  stations  are  essential  requirements  for  modern  day 
space  exploration.  Military  launch  vehicles  also  have  similar  require¬ 
ments.  However,  such  links  are  generally  distorted  due  to  the  vehi¬ 
cle's  exhaust  flame  which  represents  a  dispersive  plasma  environment 
for  the  electromagnetic  waves.  In  some  instances  this  environment 
completely  interrupts  the  radio  communication  link  due  to  the  highly 
attenuating  and  reflecting  plasma.  These  critical  por.ods  occur 
generally  at  high  altitudes  where  ground  stations  may  not  have  a 
clear  line  of  sight  to  the  vehicle  antenna  due  to  the  large  extent 
of  the  exhaust.  The  most  critical  periods  occur,  however,  during 
the  staging  sequence  )f  the  vehicle.  In  the  latter  Instance,  the 
exhaust  generally  envelopes  the  vehicle  establishing  the  dispersive 
plasma  medium  between  radiating  antennas  and  receiving  stations  for 
all  look  directions. 

In  evaluating  radio  system  performance  on  such  vehicles,  it  is  neces¬ 
sary  to  properly  evaluete  the  characteristics  of  the  plasma  environ¬ 
ment,  analyze  the  electromagnetic  behavior  of  the  system,  and  attempt 
to  alleviate  the  possibility  of  losing  communication  with  the  vehicle. 

A  Bimilar  system  evaluation  and  corresponding  alleviating  steps  arise 
in  reentry  vehicle  system  design  commonly  referred  to  as  the  reentry 
blackout  problem.  In  both  instances,  two  basic  steps  are  needed  in 
the  analysis.  The  first  is  to  predict  the  electrical  properties  of 
the  plasma,  end  the  second  is  to  evaluate  the  performance  of  a  radiating 
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antenna  and  the  propagation  of  its  electromagnetic  fields  in  the  pre¬ 
sence  of  this  plasma.  This  paper  describes  on  approach  to  the  analysis 
of  the  propagation  of  the  radiated  fields  of  antennas  in  the  presence 
of  flame  plasma  and  is  a  radical  improvement  to  techniques  employed 
previously.  Because  chemical  and  gas  dynamic  analyses  of  flames  are 
not  fully  refined,  flame  attenuation  estimates  have  been  based  on 
crude  approximations.  To  alleviate  possible  conflict  between  the 
two  disciplines  and  with  the  principal  intent  of  providing  a  more 
accurate  preuictive  tool,  the  work  described  in  this  paper  was  under¬ 
taken.  The  method  of  analysis  and  th>’  resulting  computer  program  may 
not  only  be  appii.d  to  inhomogeneous  plasmas,  but  may  also  be  applied 
to  problems  involving  propagation  through  other  isotropic  media. 


A  review  of  significant  electromagnetic  phenomena,  associated  with 
flame  effects  is  presented  first  to  place  them  in  perspective.  The 
state  of  the  art  approach  to  the  analysis  of  these  effects  is  then 
briefly  reviewed  and  their  relative  effects  on  a  radio  system  are 
compared.  The  propagation  of  the  radiated  field  ,  through  and  around 
the  flame  is  discussed  in  detail.  The  technique  employed  for  this 
analysis  considers  the  geometrical  optics  approximation  supplemented 
by  a  diffraction  approximation.  The  limitations  and  restrictions  of 
these  approximations  are  discussed  and  an  Integrated  computer  program 
is  described  which  automates  the  computational  steps  of  the  approxi¬ 
mations.  Finally,  a  sample  computation  obtained  by  the  use  of  the 
computer  program  is  presented  and  discussed. 
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II.  SIGNIFICANT  ELECTROMAGNETIC  PHENOMENA 

The  significance  of  the  electromagnetic  phenomena  influencing  the 
transmission  of  the  information  between  a  transmitter  on  the  vehicle  and 
receivers  on  the  ground  depends  on  the  configuration  of  the  exhaust. 

One  may  classify  them  into  two  configurations;  the  staging  plume 
configuration  and  the  main  engine  plume  configuration.  In  the  former, 
the  antenna  may  he  entirely  enveloped  by  the  exhaust  plasma  and  in 
some  cases  be  in  contact  with  it.  In  the  second  configuration,  the 
main  engine  plume  may  be  sufficiently  far  away  so  that  the  antenna  is 
not  affected  directly.  Therefore,  the  dominant  effects  for  each  con¬ 
figuration  will  in  general  be  different. 

The  significant  electromagnetic  phenomena  may  be  categorized  into 
two  groups.  The  first  group  may  be  identified  as  "Rear  Zone"  pheno¬ 
mena  and  the  second  group  as  "Far  Zone"  or  "Propagation"  phenomena. 

Near  Zone  phenomena  play  a  dominant  role  in  the  staging  plume  con¬ 
figuration,  while  Far  Zone  phenomena  are  significant  in  both  con¬ 
figurations.  Propagation  phenomena  are  considered  in  detail  in  the 
following  sections,  with  emphasis  on  the  main  plume  configuration, 
while  Near  Zone  field  effects  are  only  reviewed  here. 

NEAR  ZONE  FIEID  EFFECTS 

In  the  staging  plume  configuration,  antenna  plasma  interaction  play 
a  significant  role  in  the  performance  of  the  communication  system. 

This  interaction- may  be  categorized  into  effects  due  to  antenna  im¬ 
pedance  change  and  nonlinear  response  of  the  plasma  medium. 
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The  impedance  of  an  antenna  may  change  radically  due  to  the  changing 
ionization  of  the  gaa  and  thus  alter  the  power  transfer  between  the 
transmitter  and  the  external  medium.  If  the  field  intensity  around 
the  antenna  is  sufficiently  low,  it  possible  to  estimate  the  effect 
of  the  impedance  change  which  may  be  in  the  range  of  one  to  ten  deci¬ 
bels  on  the  radiated  power  depending  on  the  type  of  antenna  and  the 
value  of  the  pertinent  parameters.  Theoretical  expressions  for 
antenna  impedance  in  a  lossy  dielectric,  having  properties  charac¬ 
teristic  of  a  plasma,  are  available  in  the  literature  for  dipole 
antennas, loop  antennas, ^  annular  slots ^  and  waveguide 
fed  slots  ^  and  apertures The  validity  of  the  expressions  is 
frequently  limited  to  media  having  lew  or  moderate  loss.  Further¬ 
more,  these  analyses  assume  the  plasma  to  be  a  linear  medium  which 
it  is  not.  However,  if  the  power  levels  axe  sufficiently  low,  the 
above  referenced  analyses  should  yield  adequate  engineering  result# . 
Traveling  wave  or  array  type  of  antenna  in  the  presence  of  plasma 
have  not  been  adequately  studied  to  the  best  knowledge  of  the  authors. 
This  class  of  antennas  may  be  radically  affected  by  the  plasma  due  to 
the  self  and  mutual  impedance  change  of  the  individual  elements,  if 
they  are  of  the  Yagi  or  array  type.  In  the  case  of  tapered  dielec¬ 
tric  and  corrugated  structure  type  of  traveling  wave  antennas,  domi¬ 
nant  effects  will  be  due  to  the  different  wave  number  of  the  plasma. 


Nonlinear  effects  of  the  plasma  may  also  be  significant  and  have  a 
marked  effect  on  tta  ccmainicatiog  link.  At  relatively  lew  power 
levels  and  at  high  altitudes  plasma  . nhmneed  antenna  breakdown  may 
occur  increasing  the  ionization  of  tb *  gas  sharply.  This  causes 
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s  sharp  increase  in  the  reflected  power  degrading  transmitter  per¬ 
formance.  It  also  results  in  larger  rf  energy  absorption  by  the 
plasma  and  causes  antenna  pattern  distortion.  Consequently,  it  is 
necessary  to  operate  the  antenna  below  the  power  level  at  which  break¬ 
down  occurs.  The  breakdown  power  level  is  dependent  upon  gas  density, 
gas  velocity,  the  ionization  level  prior  to  breakdown,  the  radio  fre¬ 
quency  and  the  configuration  of  the  antenna.  This  phenomenon  has 
been  studied  theoretically  and  experimentally  by  many  workers  and 
is  reported  adequately^  *  ^ ,  so  that  is  is  possible  to  make 
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engineering  estimates  on  maximum  allowable  power  for  a  given  system.* 


As  noted  before,  the  plasma  is  by  no  means  linear,  even  at  power  levels 
far  below  breakdown.  There  la  coupling  of  electromagnetic  energy  to 
the  gaa  resulting  in  a  change  of  the  ionization.  In  addition,  the 
plasma  collision  frequency  may  be  a  function  of  the  applied  field  and 
may  only  he  assumed  constant  for  extremely  low  signal  levels.  Such  non- 
linearities  cause  phase  and  amplitude  distortion  in  the  radiated  sig¬ 
nal  and  hence  an  effective  loss  in  the  communication  link.  There  have 
beon  some  analytical  and  experimental  results  reported  in  the  liter¬ 
ature^10^  '  on  this  problem.  However,  the  authors  have  been 
unable  to  find  adequate  results  to  obtain  engineering  estimates  of 
this  effect  on  a  radio  link. 


♦More  recent  results  were  reported  in  a  RASA  sponsored  workshop  on 
Voltage  Breakdown  in  Electronic  Equipment  at  Low  Air  Pressures,  held 
at  J?L,  August  18-20,  1965.  An  additional  phenomenon,  noted  in  this 
workshop,  which  might  Interrupt  communication  is  DC  discharge.  This 
phenomenon  is  known  to  occur  during  the  staging  phase  of  the  vehicled 
flight.  A  discussion  of  this  phenomenon  is  beyond  the  scope  of  this 
paper. 


FAR  ZONE  FIELD  EFFECTS 


At  distances  sufficiently  far  from  an  antenna,  the  field  intensities 
may  be  relatively  lov  and  have  a  wave  behavior.  Therefore,  it  is  rea¬ 
sonable  to  consider  wave  phenomena  in  a  linear  plasma.  This  phenomenon 
of  propagation  of  electromagnetic  energy  through  the  plasma  medium,  le 
by  far  the  dominant  factor  influencing  the  communication  link.  To 
analyze  the  effect  of  this  phenomenon,  it  is  necessary  to  knov  the 
electrical  properties  of  the  plasma  as  a  function  of  space  and  time. 

If  field  intensities  are  sufficiently  lov  and  one  is  Justified  in 
assuming  a  constant  collision  frequency  for  ths  charged  particles  of 
the  pi&3ma,  it  1b  then  possible  to  describe  it  as  a  linear,  isotropic, 
inhomogeneous  and  time  varying  dielectric  medium.  It  is  reasonable 
to  also  assume  that  the  time  variation  is  slow.  To  analyze  the  pro¬ 
pagation  through  such  a  medium,  it  is  necessary  to  consider  attenua¬ 
tion,  refraction,  diffraction  and  scattering  of  the  electromagnetic 
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waves.  The  scattering  analysis  requires  a  description  of  the  irre- 

a 

gularities  of  the  medium,  at  least  statistically.  Such  an  analysis 

is  beyond  the  scope  of  this  paper  hovever.  A  brief  discussion  of 

(12) 

several  analytical  approaches  is  given  elsewhere'  .  We  need  to 
emphasize,  however,  that  if  the  plasma  is  very  dense  along  the  nor¬ 
mal  path  of  propagation,  the  contributions  from  volumetric  scattering 
to  the  far  zone  field  become  dominant.  Otherwise,  the  average  field 
strengths  may  be  obtained  by  evaluating  propagation  by  accepting  a 
laminar  description  of  the  medium. 

Serious  discrepancies  may  arise  by  ignoring  the  scattering  from  the 
medium  irregularities  in  the  staging  plume  configuration.  Hovever, 
similar  scattering  in  the  main  engine  plume  configuration  has  secon¬ 
dary  effects  except  in  regions  vhere  antenna  pattern  nulls  may  occur 
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from  the  laminar  analysis.  For  a  thorough  analysis  of  the  system.  It 
is  necessary  that  scattering  froa  the  Irregularities  be  considered. 
Hovever,  the  3 analysis  uill  yield  the  average  value  of  the 
fields  in  the  medium  end  is  a  necessary  first  step  to  the  scattering 
analysis  due  to  the  irregularities  of  the  medium. 

The  above  review  of  significant  electromagnetic  phenomena  leads  us  to 
the  justification  of  the  assumptions  and  approximations  developed  below 
in  the  analysis  of  radio  wave  propagation  in  the  presence  of  exhaust 
flame.  We  therefore  state  that  the  approximations  described  below  are 
applicable  to  any  plasma  medium  which  has  laminar  inhomogeneities  de¬ 
scribed  deterministically  for  a  given  time  in  terms  of  spatial  coor¬ 
dinates.  The  approximations  also  require  that  an  effective  complex 
dielectric  constant  be  computed  from  the  plasma  parameters  for  a  given 
signal  frequency.  To  make  the  propagation  analysis  more  tractable, 
we  further  assume  that  all  pertinent  dimensions  of  the  exhaust  are 
large  in  comparison  to  the  signal  wavelength. 

The  assumptions  listed  here  are  not  very  restrictive.  There  are  a 
large  class  of  vehicles  whose  main  engine  exhausts  fall  within  the 
limitation#  of  the  required  assumptions  stated  above.  In  many  other 
circumstances  our  approximations  will  yield  results  describing  first 
order  effects. 

Subject  to  these  assumptions,  the  problem  reduces  to  the  analysis  of 
the  electromagnetic  fields  of  on  antenna  with  a  prescribed  radiation 
pattern,  in  the  presence  of  an  inhomogeneous  medium  with  a  complex 
refractive  index.  The  sketch  in  Fig.  1  is  a  schematic  illustration 
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of  the  geometry  of  the  problem,  and  the  electromagnetic  phenomena  that 
need  to  be  considered.  The  three  dimensional  geometry  of  the  vehicle 
and  plume  would  be  the  figure  of  revolution  of  that  portion  of  the 
sketch.  The  dashed  line  in  the  figure  indicates  the  radio  horizon  of 
the  plume  end  divides  the  field  into  two  regions.  Above  the  horizon, 
the  total  field  consists  of  the  sum  of  the  direct  rays,  the  reflected 
rays  and  the  refracted  rays.  Below  the  horizon,  the  field  ia  the  sum 
of  the  diffracted  and  refracted  rays.  It  is  possible  to  carry  out  a 
geometrical  optics  approximation  to  compute  the  total  field,  including 
polarization  and  amplitude,  provided  the  routine  computational  steps 
can  be  entrusted  to  a  large  digital  computer.  In  the  section  HI,  we 
discuss  the  approximations  that  were  developed  for  this  study  and  in  the 
section  following  we  describe  the  integrated  computer  program  that  can 
implement  the  details  of  the  computation, 

in.  THE  GEOMETRICAL  OPTICS  APPROXIMATION 

l 

The  determination  of  the  effects  of  reflection,  diffraction  and  re¬ 
fraction  on  radio  wave  propagation  about  the  exhaust  plasma  is  subject 
to  a  large  number  of  parameters.  These  include  geometry,  signal  fre¬ 
quency  and  medium  constants  and  their  spatial  variation.  We  can  employ 
the  geometrical  optics  approximation  if  the  distribution  of  the  plasma 
is  such  that  it  can  be  subdivided  into  convenient  subsections,  the 
boundary  surfaces  of  which  have  large  dimensions  in  comparison  to  the 
signal  wavelength.  The  term  "geometrical  optics"  is  used  here  to  imply 
that  the  results  are  correct  asymptotically  as  ^0~+  *»,  where  ko  is  the 
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free  apace  vave  number  of  the  signal;  and  that  the  ray  nature  of  the 
electromagnetic  wave  can  be  utilized  in  the  approximation.  The  dif¬ 
fraction  analysis;  described  in  a  latter  part  of  this  section;  i3  not 
a  geometrical  optics  approximation  in  the  time  sense,  but  it  is  a  com¬ 
plementary  step  to  the  approximation  of  the  entire  problem. 

In  considering  propagation  through  the  plume,  we  assume  that  its  sub¬ 
sections  consist  of  plasma  having  thick  lossy  subsections,  thin  lossy 
sections  and  sections  with  low  loss:  the  latter  constituting  tne  major 
portions  of  the  plume.  For  thick  lossy  sections  we  assume  the  reflected 
fields  dominate,  for  thin  lossy  sections  we  approximate  the  section  by 
a  layered  medium  in  the  region  of  the  Incident  ray  tube  for  the  compu¬ 
tation  of  transmitted  fields.  Under  these  assumptions,  the  geometrical 
optics  computations  are  performed  for  a  lossless  plasma  and  analytically 
continued  to  the  lossy  case. 

The  field  intensity  at  a  given  observation  point,  which  is  assumed  to 
be  at  a  large  distance  from  the  vehicle,  is  the  vector  sum  of  the  direct, 
the  reflected,  diffracted  and  the  refracted  fields.  We  describe  below 
the  necessary  approximations  and  the  resulting  expressions  to  evaluate 
these  fields.  The  assumed  geometry  is  that  shown  in  Fig.  1. 

THE  REFLECTED  FIELD 

A  ray  tube,  originating  from  the  antenna  and  incident  to  the  plume  boun¬ 
dary  will  be  reflected  from  and  transmitted  through  this  boundary.  De¬ 
pending  on  the  altitude  of  the  vehicle,  this  plume  boundary  may  be 
sharp  or  diffuse.  To  compute  the  reflected  field,  the  reflecting 


■boundary)  the  plena  of  Incidence  and  angle  of  Incidence  is  first  eval¬ 
uated  from  the  knovn  geometry.  The  principal  radii  of  curvature  of 
the  reflecting  surface  and. the  density  gradients  of  the  plasaa  are 
evaluated  next,  From  these  results,  a  "divergence  coefficient"  is 
computed.  From  the  knovn  plasma  characteristics  in  the  region  of  the 
■boundary,  transverse  electric  (TZ)  and  transverse  magnetic  (TM) 
"reflection  coefficients"  are  also  evaluated.  Finally,  the  reflected 
fields  are  determined  vithin  the  limits  of  the  geometrical  optics  ap¬ 
proximation.  This  approximation,  however,  fails  near  grazing  angles 
of  incidence.  For  this  reason,  the  computations  for  angles  larger 
than  85*  ere  performed  by  the  diffraction  formulas  discussed  later. 

In  the  geometrical  optics  approximation,  the  reflected  electric  and 
magnetic  fields  are  given  by 

T  -  ?rg  Ds  exp[iko  (r2  -  r2)] 

(1) 

Z  H  «  t  x  S 
or  r  r 

vhere  s’  is  the  electric  field  at  the  reflecting  boundary,  D  is  the 
rs  e 

"Divergence  Coefficient",  kQ  is  the  vr.ve  number,  r^  is  the  distance 
from  the  source  to  the  point  of  reflection,  r^  the  distance  froa  this 
point  to  the  observation  ,jlnt,  ZQ  =  vU0/€0  Is  “be  free  space  vave 
impedance,  and  t^  is  the  unit  vector  In  the  direction  of  the  reflected 
ray. 

The  electric  field  components  on  the  surface  can  be  evaluated  simply 
froa  the  plane  vave  analysts,  yielding  the  expi-e  salon 

^s  "  VV"*  + 


(2) 
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where  b  is  the  ur.it  vector  normal  to  the  plane  of  incidence,  t^  is  the 

unit  vector  in  the  direction  of  the  incident  ray,  2,  is  the  incident 

is 

field  at  the  reflecting  surface.  R  and  S  are  the  reflection  coeffi- 

e  z 

cients  for  the  TE  f  nd  TM.  waves  respectively. 

The  Divergence  Coefficient 

This  coefficient  is  sir ply  a  geometrical  factor  expressing  the  degree 
of  divergence  of  a  tube  of  ray  due  to  reflection  from  a  curved  surfece. 
It  is  related  to  the  cross  section  of  the  incident  ray  tube  A(r,) 
end  the  cross  section  of  the  reflected  ray  tube  A(rg),  at  a  distance 


from  the  reflection  point,  simply  by 


Ds  =  VA(rJ/A(r2). 


(3) 


Fock  has  developed  expressions  for  this  coefficient  for  a  general  con- 
(13) 

vex  surface'  with  principal  radii  of  curvature  Pi  ’"--l  ?3.  The  re¬ 
sult  for  "  is 


A (r  )  j  .  s  ,  -  P 

77 — r  = - m  IcosO  (l  +  ~=s)  +  —  (t~  +  f— )cos  0  4-  ■=— 

A(r^)  cosG  l  r.3'  *  r.  L'pj  pa'  j> 


sice") 


+  hcosZG\ 
P1P2  J. 


In  the  expression  0  is  the  angle  of  incidence  and  pQ  is  the  boundary 
radius  of  curvature  in  the  plane  of  incidence. 


The  Reflection  Coefficients  R  end  R 
_ e _ a 

These  coefficients  are  a  function  of  the  characteristics  of  the  medium 
and  their  gradients  in  the  reflection  region.  As  was  stated  before, 
the  plume  boundary  nay  be  sharp  or  diffuse.  If  it  is  sharp,  the  re¬ 
quired  expressions  are  s imply  the  standard  Fresnel  reflection  coeffi¬ 
cients.  However,  we  wish  to  employ  an  analytic  expression  which  is 
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general  enough  to  account  for  reflections  from  a  diffuse  boundary  with 
its  sharp  boundary  limit  the  Fresnel  reflection  coefficients.  This  can 
be  accomplished  adequately  by  considering  the  generalized  "Epstein 
Profile"  for  the  variation  of  the  dielectric  constant,  and  the  corres¬ 
ponding  wave  solution  for  such  a  layered  medium.  A  general  discussion 

of  such  a  solution  may  be  found  in  several  books The 

(17) 

authors  have  shown  elsewhere,'  '  that  a  transitional  layer  of  plasma 
having  on  electron  density  and  collision  frequency  variation,  described 
respectively  by 


g(z)  = 


can  also  b_  solved.  These  functions  appear  in  the  Appleton-Hartree  ex¬ 
pression,  for  the  plasma  relative  dielectric  constant,  as 

er(z)  =  1  -  oijftzJ/Cl  +  i  Vlg(z)].  (6) 


In  the  expressions  above  z  is  the  coordinate  along  the  normal  to  the  re¬ 
flecting  boundary,  which  is  taken  to  be  at  z  =  0  the  center  of  the  tran- 
sition  layer,  =  (io^/o)) c  with  as  the  plasma  frequency  deep  in  the 
layer  and  a>  the  signal  frequency,  VQ  =  v^/ca  and  =  vf/r;  with  and 

being  the  values  of  the  collision  frequency  at  the  extremities  of  the 
layer.  The  parameter  m  describes  the  thickness  of  the  layer  and  is 
inversely  proportional  to  it.  The  reflection  and  transmission  coefficients 
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for  such  a  layer,  for  a  TE  wave,  are  given  in  terms  of  Gemma  functions 
as 

„  „4U-y) 


R  **  A' 

e 


rfv-i)rfi-p)r(of-v»i) 

r(i-Y>r(Y-p)rc3r 


T  “A 
e 


(l-Y^-^f/a,v+l)rM.p) 

r(a-^i)r(i-Y) 


where 


1  +  iVj 

i  +  iv_ 


of  =  1  +  i(ko/m)[cosO  -  (cos3©-!!)1/3] 

0=1  +  i(ko/m)[coa0  +  (cos3©-!!)1/3]  (8) 

Y  -  1  +  i2(ko/m)cos© 

K  =  to1/(l+iV1) 

For  email  m,  which  corresponds  to  a  thick  layer,  the  reflection  and 
transmission  coefficients  for  the  TM  case  are  identical  to  those  in 
(7).  For  large  m,  a  sharp  transition  or  a  thin  layer,  the  expression 
in  (7)  will  again  hold  if  the  exponents  a  and  0  are  replaced  hy 

or1  =  1  +  i(kQ/m)  [(l-h)  cos0-(cob3S-H)1/‘ j 

0*  =  1  +  i(k  /o)  C(l-H)  cos&+(cos39-K)x/3] 

Additional  corrections  are  needed  for  intermediate  values  of  n-  In  the 
limit  as  m-»0,  the  boundary  becomes  very  diffuse  hence  the  reflection 
coefficient  approaches  zero  exponentially.  In  this  range,  reflections  are 
secondary  and  the  transmitted  fields  are  computed  according  to  the  ap¬ 
proximations  of  the  refracted  fields  which  penetrate  the  plume. 
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THB  DIFFRACTED  FIELD 

At  grazing  angles  of  incidence,  plume  boundary  electromagnetic  phenomena 
cannot  be  described  in  the  geometrical  optics  sense,  particularly  when 
these  boundaries  are  relatively  sharp  and  are  of  high  density.  There 
are  cases  of  exhaust  plumes  where  diffraction  phenomena  ore  significant 
in  the  region  of  the  plume  horizon  (.  ee  Fig.  l).  An  exact  formulation 
of  the  problem  is  not  possible,  we  therefore  consider  the  results  ob¬ 
tained  for  the  solution  of  a  sharply  bounded  spherical  plasma  region 
with  a  source  external  to  it.  We  seek  appropriate  approximations  for 
the  fields  about  the  horizon  defined  by  the  tangent  line  to  the  surface 
drawn  through  the  source.  The  basic  problem  has  been  studied  exten¬ 
sively  by  many  authors  in  connection  with  radio  propagation  on  the 
earth's  surface.  Logan  has  reported  an  extensive  review  of  these 
works and  has  generalized  the  results  providing  adequate  approxi¬ 
mations  so  that  the  geometric  optics  approximations  for  the  illuminated 
region  are  continued  smoothly  into  the  diffraction  or  shadow  region. 


The  assumptions  therefore  are  that  in  the  region  of  incidence  the  boun¬ 
dary  can  be  described  by  a  spherical  surface  and  that  the  tangential 
component  of  the  electric  and  magnetic  fields  are  related  by  a  con¬ 
stant  at  the  boundary.  Improvements  to  the  latter  are  possible  but  are 
not  considered  here.  Logan's  results  are  given  below  for  the  case 
of  a  source  at  a  relatively  large  distance  from  the  surface  and  an 
obsej.-vBtion  point  at  infinity. 

Figure  2  illustrates  the  geometry  in  the  plane  of  incidence.  The  boun¬ 
dary  shown  in  the  figure  is  the  local  spherical  approximation  of  the 
actual  plume  boundary,  in  the  region  of  incidence,  with  a  radius  of 
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of  curvature  pQ.  For  linear  boundary  conditions  we  employ  the  surface 
impedance  egressions 


«*  -  <\A>  Ci-O-oA)"]**  m 

-  (k/k)  Cl-(k0/k)a]’l/s 

for  the  TM  and  TE  waves  respectively,  with  k  representing  the  complex 
wave  number  in  the  plasma  medium.  In  the  development  below,  the  above 
impedance  expressions  appear  in  the  term 

q  =  i(koPo/2)1/3Z.  (11) 

The  terms  y  =  (k  p  /2)1^3(t  /p  ),  t  and  r  are  assumed  to  be  approaching 
v  o  0  0  o  o 

infinity,  and  the  angle  of  incidence,  0,  is  generalized  to  also  describe 
the  diffracted  ray  beyond  the  horizon.  6  “  pQ0  is  approximated  by 
s  «  (-2pocosQ)  is  used  for  80°  <  0  <  100°  since  this  is  the  range  of 
interest  here  and  it  appears  in  the  parameter 

x  “  froPo/2)1^8/^*  ^ 

For  a  radial  dipole  of  the  electric  or  magnetic  type,  Logan's  results 
for  the  total  field  about  the  plume  horizon  can  be  expressed  by 

-  I*1/*  , 

U(r,Y}  Lt0  -5ln---  -  cos  20J  (13) 


2t  (l-sin3©)  +  p  (28  +  sin20  -  n),  0  >  £ 


to(l-sin0)  -  (pq/3)  cos30,  0  <  g 


lSIIII3!REIRiA»m*Wi& 


For  6  >  n/2, (the  shadow  region) 


which  may  be  evaluated  by  its  residue  series. 


For  the  horizon  region,  it/2  -  e  <  3  <  n/2  +  e,  (e  may  be  considered 


to  be  approximately  10°), 


f  K  >  i  ,15) 

V  (x,q)  =  V8(x,q)  +  <  _  rr 

11  ]  exp(-ik0W)-^  K  (-.vy^),e  <- 


*(«>  -  -  “SP  J:  “  *  fe 


In  the  expressions  above  vx(t)  =  u(t)  +  iv(t)  and  vx  '(t)  ere  the  Mry 
functions  and  their  derivatives  respectively,  and 

K(T)  =  exp(-iTa-iTT/4?|exp  (is3)ds.  (17) 

tfi T  T 

The  evaluation  of  (l6)  is  rather  involved.  However,  for  (x/q)  small 


the  approximation 


i(x,q)  =  -exp(in/lf)  L1  +  2q  +  Z  ^  q^  ] 

+  P'(x)  +  P(x)  [l  +  ~  +  \  (^|)a]  + 


can  be  used,  Iogan  has  evaluated  p(x)  numerically' and  given  tables 
for  -1.6  <  x  <  1.6, 


150 


In  evaluating  V^(x,q) ,  it  should  he  sufficient  to  use  the  expression 
given  in  (15)  without  carrying  the  evaluation  deep  into  the  shadow  re¬ 
gion.  In  this  region,  the  diffracted  fields  are  of  second  oruer  to 
the  refracted  fields  unless  the  medium  is  a  very  dense  plasma.  The 
use  Of  an  impedance  boundary  condition  requires  further  study.  It 
should  he  possible  to  derive  more  accurate  linear  boundary  conditions 
for  various  possible  ranges  of  plasma  parameters.  Such  improvements 
can  be  readily  introduced  into  the  general  expressions  given  above. 

Hie  evaluation  of  the  diffracted  fields  of  any  antenna,  (the  results 
above  are  for  dipoles)  can  be  performed  by  expressing  the  source  field 
in  terms  of  the  linear  combination  of  TS  and  TM  vave3  in  the  plane  of 
incidence  and  normalizing  the  expressions  in  (13)  by  the  field  inten¬ 
sity  of  the  source  at  a  distance  tQ. 

IV.  VIETES  IH  THE  EXHAUST  FLAME 
The  analysis  of  the  fields  in  the  c-xhaust  plasma  is  based  on  the 
geometric  optics  approximation  of  Maxwell's  equations.  Before  applying 
this  approximation,  it  is  necessary  to  classify  the  Kind  of  medium  and 
the  applicability  of  the  approximation.  If  the  exhaust  plasma  and 
the  signal  frequency  is  such  that  there  is  significant  transmission 
through  it,  then  it  is  reasonable  to  approximate  this  into  three  sub¬ 
sections:  sections  having  low  103se3,  thin  sections  having  high 
losses,  and  thick  sections  also  with  high  losses.  Transmitted  fields 
through  the  first  two  can  then  be  computed  by  the  geometric  optics  ap¬ 
proximation  if  the  thin  lossy  section  is  approximated  by  parallel  boun¬ 
daries.  Since  the  transmitted  fields  through  thick  lossy  sections  will 
be  of  second  order,  only  reflected  fields  from  their  boundaries  need 
be  considered.  The  evaluation  of  the  fields  (their  amplitude,  phase 


and  polarization)  is  performed  by  integrating  a  set  of  linear  first 
order  differential  equations.  Ray  paths  are  determined  from  the  vari¬ 
ation  of  the  real  part  of  the  propagation  constant  k,  but  the  amplitude 
of  the  field  is  evaluated  for  complex  k  because  of  analytic!*-,/  with 
respect  to  k.  In  the  analysis  multiple  reflections  are  ignored.  A 
brief  review  of  the  development  of  the  required  differential  equations 
is  given  below. 

Kline has  shown  that  the  geometric  optics  approximation  of  the 
field  E  is  the  first  term  of  the  asymptotic  series 

E(x,y,z)  =[exp  ikS  (x,y,z)j£  En(x,y,z)/(iko)n  (19) 

n  =  0 

for  large  kQ.  This  assumes  a  single  family  of  phase  fronts  S(x,y,z)  for 
the  fields.  Substituting  (19)  in  Maxwell’s  differential,  equations  and 
equating  terms  of  equal  powers  of  kQ,  one  obtains  the  Eiconal  Equation 

j  VS  |  8  -  (k/kQ)3  «  0  (20) 

and  the  Vector  Transport  Equation  for  the  first  term 

2VS.VEQ  +  V^S  iT  +  2  (E0.Vk/k)7S  =  0  r  (2l) 

The  ray  directions  are  the  trajectories  normal  to  the  phase  fronts 
S(x,y,z)  and  thus  from  (20)  we  have 


VS  =  k/ko  - 


(22) 


Ib2 


where  1)  is  the  index  of  refraction  and  t  io  the  unit  vector  along  the 
ray.  It  is  easy  to  show  that  the  nonlinear  partial  differential  equa¬ 
tion  in  (20)  is  satisfied  hy  the  following  set  of  linear  first  oi’der 
differential  equations: 


g-®/n 

d_ 
d s 


(23) 


where  "T**  (x,y,z)  is  the  position  coordinate  of  the  ray  and  d3  is  the 
differential  length  along  the  ray  path.  The  above  set  is  used  in  our 
computation  in  the  form 


dx  dk_ 

r  J  as^-^r 


ds 


(24) 


where  k^  is  the  real  part  of  the  complex  k,  since  we  require  real  paths 
and  geometry.  The  set  of  six  differential  equations  define  a  re y  path 
for  given  initial  values,  medium  constants  and  boundary  conditions 
(Snell’s  law  gives  the  boundary  conditions)  sufficient  for  the  compu¬ 
tation  of  the  field  Intensities. 

The  vector  transport  equation,  given  in  (21),  contains  information  on 
the  polarization  and  amplitude  of  the  field.  It  is  easier,  to  demon¬ 
strate  the  significance  of  the  terns  of  this  equation  by  dissociating 
the  vector  quantities  from  the  scalar  ones. 


We  consider  the  geometric  optics  term  EQ  and  the  relations 


P  5  E  /E  ,  p.t  -  0 
O  Q 


(25) 


S'-  I 

Pi;  ! 


i?  ! 


where  p  is  the  unit  polarization  ^^tor.  From  (21 )  we  have,  after  divi¬ 
sion  by  2e , 

•*>*-»  <a 

Since  p  is  orthogonal  to  T  and  (dp/ da  5,  (26)  yields  the  eet  of  equations 

1_  gc.  +  2fS  _  / 

S0  <15  2T1  12 

g  ♦  <f  •  ?»  .  0  te 


p.g.f.p  fe> 

Equation  (27)  describes  the  amplitude  dependence  of  the  field  term  E0  and 
(28)  describes  the  polarization  dependence.  A  closer  examination  of  (27) 
reveals  that  conservation  of  energy  is  implied.  Therefore,  it  does  not 
account  for  reflections  in  regions  where  the  change  in  k  might  be  small 
but  finite.  We  make  this  requirement  since  difference  equations  are  to 
bo  used  in  our  application  and  also  we  wish  to  avoid  using  boundary  con¬ 
ditions  as  much  as  possible.  Equation  (27)  represents  tbs  differential 


equation 


It  is  shown  elsewhere'  1  that  to  account  for  finite  but  small  changes  in 
k,  the  amplitude  transport  equation  should  be 

fcS*  -  -  2  [7‘*  ]  (31 
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Physically,  the  tern  V.t  accounts  for  the  change  of  amplitude  due  to 
the  divergence  of  the  ray  tube.  The  last  tern  in  both  equations  ac¬ 
count  for  energy  density  change,  but  the  lest  terra  in  (51/  also  accounts 
for  change  in  energy  due  to  psrtial  reflections. 

Thus,  given  the  initial  direction,  amplitude  and  polarization  of  a  vave 
ve  can  obtain  the  total  field  enyvhere  in  the  plasraa,  subject  to  the 
eussvjaptions  made,  by  integrating  the  following  set  of  ten  linear, 
first  order,  ordinary  differ. ntial  equations. 


The  numerical  evaluation  of  the  term  V.t  can  be  performed  either  for 
each  differential  step  As  or  after  t  complete  ray  hue  been  traced.  In 
either  case  a  minimum  of  three  rays  are  required  to  evaluate  the  di¬ 
vergence  of  a  ray  tube. 

V.  THE  COMPUTER  PROGRAM 

The  approximations  described  above  are  included  in  the  computer  pro¬ 
gram  as  subroutines.  The  raajor  portion  of  the  program,  however,  consists 
of  input  storage,  processing  tad  logic  subroutines.  The  program  pro¬ 
cesses  the  input  information  in  order  to  obtain  characteristic  para¬ 
meters  required  by  the  subroutines.  These  include  incident  field 
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strength  and  polarization  free  the  antenna,  plume  geometry,  propa¬ 
gation  constants  in  the  plus*  and  receiver  position  vith  respect  to 
the  transmitting  antennas.  Proa  these  parameters,  the  program  de¬ 
termines  the  region  of  the  required  radiation  field  and  then  carries 
out  the  necessary  confutations  and  prints  out  the  results. 

The  Basic  function  of  the  computer  program  is  to  evaluate  the  radi¬ 
ation  fields  h>f  four  types  of  rays  vhen  called  for.  These  rays  are; 
the  direct  ray  from  the  antenna,  the  reflected  ray  from  the  plicae  boun¬ 
dary,  the  diffracted  ray  around  the  plume  boundary  and  xhe  transmitted 
ray  through  the  plume.  The  field  is  divided  into  tvo  regions,  the 
shadow  region  and  the  illuminated  region.  In  the  former,  the  present 
program  evaluates  the  transmitted  and  diffracted  rays.  In  the  latter, 
it  evaluates  the  direct  and  reflected  rays.  Tor  some  angles  there 
may  only  be  a  direct  ray  while  for  angles  close  to  the  i  hadow  boun¬ 
dary  the  diffraction  calculation  may  be  required  in  addition  to  or  in 
p3 nee  of  the  reflected  plus  the  direct  ray  calculation* 

Figure  3  illustrates  the  control  for  performing  these  calculations  in 
_ie  proper  sequence.  The  field  strengths  for  all  rays  radiated  from 
the  aatermr  an,  determined  from  antenna  pattern  tapes.  The  angle  ©  , 
is  the  minim -a  angle  of  incidence  below  which  only  the  direct  ray 
computations  are  made.  This  angle  of  incidence  is  determined  by  the 
ten gent  ray  to  the  vehicle  surface  and  the  angle  normal  to  the  plume 
H  boundary.  The  reflected  ray  calculation  is  performed  if  the  angle 
of  incidence  satisfies  ©_  <  3,  <  85*.  The  direct  and  reflected 
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FIGURE  3  -  Integrated  Computer  Program  Flow  Chart 
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rays  are  summed  vec tori ally.  The  reflected  ray  is  the  product  of  the 
antenna  pattern  factor  in  the  direction  of  the  incident  ray,  the  re¬ 
flection  coefficient,  and  tne  divergence  factor.  The  reflection  co¬ 
efficient  subroutine  contains  the  Fresnel  formulas  and  the  Epstein 
profile  reflection  formulas.  Both  computations  use  the  "Plume  Program" 
to  obtain  the  basic  parameters.  The  "Plume  Program"  also  has  a  pro¬ 
cedure  for  fitting  thr_  "exponents"  of  the  Epstein  profile  to  the  ac¬ 
tual  electron  density  and -collision  frequency  for  both  polarizations. 

An  alternate  procedure  for  computing  the  reflection  coefficient  is  to 
consider  direct  integration  of  the  "Ricatti  Equations".  However, 
it  is  necessary  to  weight  the  computer  time  for  the  two  approaches. 

The  divergence  factor  is  a  real  number  less  than  unity  and  requires 
geometric  information  from  the  "Geometry  Subroutine"  for  its  calcu¬ 
lation.  The  latter  computes  the  angle  Of  Incidence,  point  of  inci¬ 
dence,  distance  from  the  antenna,  and  parameters  describing  the  curva¬ 
ture  of  the  boundary. 

If  the  angle  of  incidence  is  too  close  to  90°,  the  geometrical  optics 
procedure  of  adding  the  direct  and  reflected  rays  is  no  longer  valid 
end  a  diffraction  calculation  must  be  used.  For  an  overlapping  region 
of  80’  <  0^  <  85*,  both  calculations  are  performed  and  compared  (not 
added).  The  diffraction  calculations  are  carried  for  0i  >  80*.  This 
subroutine  requires  parameters  from  the  antenna  pattern  tapes,  the 
radius  of  curvature  and  the  deflection  angle  from  the  "geometry  sub¬ 
routine,"  and  a  surface  impedance  from  the  "Plume  Subroutine". 
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For  the  shadow  region,  0^  >  90*,  the  transmission  calculations  are  per¬ 
formed  followed  by  the  diffraction  calculations.  The  total  field  is 
the  bub  of  the  two  contributions.  The  transmission  program  contains 
a  number  of  subroutines  that  are  called  for  under  various  circumstances. 
The  most  important  subroutine  is  the  "Ray  Tracing  -  WKB"  program  (our 
nomenclature  for  the  geometric  optics  approximation).  If  the  losses 
are  not  excessive  this  program  computes  the  exit  direction  and  field 
strength  of  a  given  incident  ray.  All  parts  of  the  Vector  Transport 
Equation  are  not  included  in  this  program  as  yet  but  will  be  in  the 
neas  future.  Because  of  possible  discontinuities  and  high  loss  re¬ 
gions  within  the  plume,  provisions  are  made  to  compute  complex  propa¬ 
gation  vectors  and  complex  field  vectors  across  a  discontinuity  or  a 
layered  medium.  The  point  of  incidence  and  exit  of  the  rays  across 
such  a  layer  is  assumed  to  be  displaced  by  the  thickness  of  the  layer 
only.  Multi-layered  transmission  line  equations  are  used  for  the 
transmission  and  reflection  coefficients. 

A  two  dimensional  linear  interpolation  program  is  included  to  relate 
the  reflection  or  transmission  direction  vectors  to  the  incident  vec¬ 
tor.  This  is  employed  to  limit  the  computation  to  the  required  look 
direction.  Provisions  are  also  made  for  sequencing  the  calculations 
in  any  desired  order.  A  control  card  may  be  introduced  to  require 
various  parts  of  the  computation  to  be  executed  independent  of  the 
others.  There .is  also  a  plotting  routine  which  can  be  used  to  plot 
the  constant  electron  density  and  collision  frequency  contours,  the 
internal  shock  line,  and  the  plume  boundary  lines.  These  additional 
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functional  subroutineo  add  to  the  flexibility  of  the  program  and 
also  aid  In  checking  the  computations  during  the  development  and  al¬ 
terations  of  the  program. 

At  the  date  of  the  vriting  of  this  paper,  the  entire  program  has  been 
assembled  but  a  complete  run  on  a  large  booster  plume  has  not  been 
successful.  The  difficulties  have  been  minor  and  routine.  A  fully 
operative  program  should  be  available  in  the  very  near  future.  All, 
subroutines  have  operated  successfully  and  several  computations  on 
reflection,  diffraction  and  transmission  have  been  obtained  separ¬ 
ately.  We  have  chosen  to  present,  in  the  next  section,  the  re¬ 
sults  of  a  computation  vhich  considers  the  case  of  a  high  altitude  ex¬ 
haust  which  has  no  sharp  boundaries.  The  results  show  a  definite 
necessity  for  computing  exhaust  flame  effects  in  the  manner  suggested 
here. 


VI.  A  SAMPIZ  COMPUTATION  AND  CONCLUSIONS 
The  results  of  a  sample  computation,  obtained  by  the  computer  program, 
are  illustrated  in  Fig.  4.  The  chosen  example  is  a  vehicle  exhaust  at 
high  altitude  vhich  has  a  very  diffuse  and  expanded  plume.  The  Mach 
lines  in  the  figure  also  represent  constant  electron  density  and  colli¬ 
sion  frequency  contours.  Bay  paths  are  shown  in  the  figure  which  were 
computed  for  a  telemeter  frequency  of  250  Me. 

Because  of  the  low  density  of  the  plasma,  it  was  anticipated  that 
reflections  would  be  negligible  and  that  the  deviation  of  the  ray 


FIGURE  4  -  An  Example  of  an  Exhaust  Plume  and  Computed  Ray  Paths 
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paths  from  the  line  of  sight  path  would,  he  slight.  As  is  shown  in  the 
figure,  the  rays  deviate  radically  from  the  line  of  sight  path  in  the 
region  close  to  30*  from  the  vehicle  axis.  These  results  indicate  an 
effective  shadow  region  for  look  angles  less  than  30*.  This  is  an 
entirely  unexpected  result  since  overdense  regions  of  the  plasma  occur 
within  a  two  degree  cone  about  the  vehicle  axis. 


The  example  shown  is  a  simple  plume  case  in  which  reflection  and  diffrac¬ 
tion  effects  are  not  significant.  The  computer  program,  however, 
the  capacity  to  process  the  case  of  more  complex  plumes  which  have 
mixing  and  internal  shock  regions.  At  this  time,  plume  description 
data  storage  and  processing  subroutines  of  the  program  are  limited  to 
axisymmetric  plumes.  Consideration  is  being  given  to  multi-nozzle 
plumes  which  may  not  have  such  symmetry.  The  present  program  is  also 
capable  of  processing,  by  a  slight  modification,  an  interstaging 
plume  configuration  which  can  be  approximated  by  a  single  plume  having 
its  own  symmetry  axis  at  an  arbitrary  angle  to  the  vehicle  axis. 

The  above  described  analytical  approach  and  the  associated  computer 
program  to  carry  out  the  computational  routines ,  represent  a  practical 
approach  to  the  analysis  of  wave  propagation  through  inhomogeneous  plas¬ 
ma.  There  are  further  necessary  improvements  to  the  analysis  to  ac¬ 
count  fully  for  electromagnetic  phenomena  associated  with  a  cossnuni- 
cation  link  in  an  exhaust  flame  environment.  There  is  a  definite 
need  to  develop  analytical  methods  to  account  for  the  nonlinearities 
of  the  plasma  at  power  levels  below  breakdown.  A  3 AnrinoT*  description 
of  the  plasma  iB  not  sufficient  either.  Irregularities  in  the  exhaust 
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oust  also  be  accounted  for,  at  best,  by  a  statistical  description  of 
the  me  dim*  Examination  of  some  flight  data  has  shown  periodic  modu¬ 
lations  Of  signals  in  the  lover  audio  range  which  show  correlation 
with  the  rocket  chamber  resonances*  These  imply  periodic  variations 
in  the  density  of  the  plasma  and  the  boundary  of  the  plume.  Pre¬ 
liminary  analyses  have  been  conducted  to  account  for  the  internal 
irregularities  of  the  plasma  and  its  boundaries.  These  analyses 
assume  the  laminar  medium  results  as  the  average  field  and  the 
scattered  field  from  the  irregularities  of  the  medium  as  secondary 
fields.  It  1a  anticipated  that  an  analysis  of  the  nonlinear  effects 
of  the  plasma  will  also  require  the  results  of  the  laminar  and  linear 
medium  analysis  as  a  first  order  result  for  an  iterative  solution. 
Therefore,  the  results  reported  here  represent  a  significant  step 
to  a  full  analysis  of  electromagnetic  interaction  of  radio  frequency 
waves  with  the  exhaust  gases  of  a  launch  vehicle. 
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ABSTRACT 


Modulation  degradation  of  C-Bacd  signals  passing  through  a  s limi¬ 
ted  reentry  plasaa  is  discussed.  A  rectangular  (1"  x  It”  i  20”)  glow 
d i=  charge  vas  used  to  s inula te  a  reentry  plasm.  Peak  plasaa  frequency 
vas  variable  froa  2.0  to  6.h  gcps  and  the  collision  frequency  reaained 
constant  at  9-h  x  10®  second-1  resulting  in  a  maximum  attenuation  of 
15  db  to  a  k  gcpe  signal.  Experiments  with  single  pulses,  tine  variant 
plasaas,  and  a  PCH-AM  (non-co here nt)  system  sheered  no  detectable  frequency 
sensitive  phase  shift  or  attenuation  for  typical  telemetry  bandwidths. 

A  nanosecond  pulse  experiment  shewed  slight  pulse  widening.  Based  on 
these  experimental  results,  the  perfcraanc.  of  several  PCM  systems  is 
compared  to  serve  as  an  aid  in  the  selection  of  an  optima  modulation 


technique. 


IHTROOUCTICH 


Aerospace  vehicles  my  experience  partial  or  total  loss  of  radio 
communication  during  their  atmospheric  reentry  phase.  In  addition  to 
signal  attenuation,  fluctuations  in  the  plasm  parameters  caused  by  flow 
field  turbulence  and  ablation  products  my  cause  phase  and  amplitude 
changes  in  the  signal  resulting  in  degradation  of  the  modulation  or 
intelligence  on  the  signal. 

♦This  work  was  partially  supported  by  USAF,  VFAFB,  Contract  AF33(6l5)-1198. 
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Loss  in  information  could  also  be  caused  by  the  dispersiveness  of 
the  plasma  producing  nonlinear  phase  and  amplitude  response.  Dispersive 
effects  have  been  studied  and  experimentally  observed  for  waveguide 
propagation. ^->2  The  analysis  has  been  extended  to  the  plasma  case  and  * 
distortion  predicted  for  certain  plasms  under  very  restrictive  conditions. 
These  conditions  require  the  signal  frequency  to  be  greater  than  twice 
the  plasma  frequency  and  the  plasma  to  be  collisionless  so  that  only- 
phase  shift  effects  are  produced.  It  has  been  hypothesized  that  degrada¬ 
tion  effects  increase  as  the  plasma  frequency  is  approached  since  the 
propagation  characteristics  become  more  nonlinear.  Since  this  region' is 
difficult  to  treat  analytically,  an  experimental  program  was  initiated 
to  determine  the  Intelligence  degradation  of  SHF  telemetry  signals  caused 
by  plasma  dispersiveness.  The  intent  was  to  determine  possible  optimum 
modulation  techniques  to  provide  maximum  information  transfer  during 
marginal  reentry  transmission  conditions.  Upon  e  -letion  of  these  tests 
the  study  was  extended  to  include  a  wide  bandwidth  signal  employing  a 
nanosecond  pulse. 

FLASHA/EIiCfHCMAGIETIC  ENVIRONMENT 
The  realistic  reentry  plasma/ electromagnetic  environment  was  inves¬ 
tigated  to  determine  the  required  simulation  characteristics.  For 
propagation  tests  it  is  necessary  to  simulate  the  plasma  electron  con¬ 
centration  and  collision  frequency  magnitudes  and  gradients  as  well  as 
the  plasma  thickness.  Current  literature  was  reviewed  to  determine 
represents  -.ive  ranges  for  these  parameters. 
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The  flow  field  around  a  typical  body  io  characterized  by  four  flow 
regions  -  stagnation;  intermediate,  aft  body,  and  wake.  The  regions  of 
interest  are  the  intermediate  and  aft  body  since  these  contain  the  usual 
propagation  paths  as  determined  by  antenna  location  on  the  vehicle.  The 
majority  of  analyses  ha/e  been  performed  for  cylindrical  bodies  with 
spherical  nose  caps.  The  electron  concentration  has  an  exponential  decay 
across  the  flow  field  while  the  collision  frequency  remains  approximately 
constant.  For  blunt  bodies  such  as  Gemini  and  Apollo,  the  peak  electron 
concentration  is  greater  and  varies  from  zero  to  a  peak  and  returns  to 
zero  as  the  flow  field  is  traversed.  The  collision  frequency  remains 
relatively  constant.  For  slender  or  pointed  vehicles,  the  peak  electron 
concentration  is  lower  and  the  plasma  is  very  thin.  The  electron  con¬ 
centration  has  an  exponential  decay  while  the  collision  freqjjjAcy  remains 
relatively  constant. 

Summarizing  the  reentry  plasma  characteristics  obtained  in  the  regions 
of  Interest  for  electromagnetic  wave  propagation,  it  is  obvious  the  plasmas 
are  highly  dependent  on  the  shape  of  the  reentry  vehicle.  The  peak  electron 
concentrations  in  the  regions  of  interest  range  from  10^  to  lO1^  electrons 
per  cubic  centimeter  for  corresponding  collision  frequencies  of  approxi¬ 
mately  102  per  second.  The  profile  of  collision  frequency  remains 
relatively  constant.  However,  the  electron  concentration  may  remain 
relatively  constant  as  in  the  case  of  the  blunt  vehicle  but  may  vary  over 
several  orders  of  magnitude  in  an  inch  or  less  for  the  case  of  the  sharp 
cone,  and,  to  a  lesser  extent,  for  the  cylindrical  body.  Plasma  thicknesses 
range  from  i/any  incnes  for  blunt  bodies  to  fractions  of  an  inch  for  slender 


bodies 


REENTRY  COMGJNICATION  SYSTEMS 


A s  a  part  of  determining  the  realistic  plasma-electromagnetic 
environment  of  reentry  vehicles,  present  telemetry  systems  vere  reviewed. 
The  primary  objectives  vere  to  determine  types  of  modulation,  power 
level,  carrier  frequency,  and  pulse  width  or  bandwidth  of  typical  systems. 
A  smmuary  of  these  characteristics  is  given  in  Table  I.  In  addition 
to  the  systems  shown  in  the  table,  use  is  made  of  FM/fm  for  continuous 
data  telemetry  and  AM  for  voice  communication .  This  brief  review 
indicated  a  wide  range  of  communication  system  parameters.  Frequencies 
are  predominantly  VHF,  but  S  and  X  band  are  utilized.  Of  particular 
interest  for  this  study  was  the  range  of  pulse  widths  which  are  typically 
of  the  order  of  several  microseconds.  System  typeB  vary,  but  it  is  to 
be  noted  that  PCM  is  used  for  Gemini  and  Apollo. 

PLASMA  GENERATOR 

The  Interaction  of  an  electromagnetic  signal  and  plasma  is  controlled 
by  the  magnitude  and  distribution  of  the  plasma  electron  concentration 
and  collision  frequency,  the  ratio  of  the  e lectronagnetic  frequency  to 
these  plasma  parr  meters,  and  the  plasn»  dimensions.  Data  presented  pre¬ 
viously  showed  the  vide  range  of  magnitudes  and  gradients  of  electron  con¬ 
centration  possible  depending  upon  the  vehicle  configuration.  However, 
collision  frequency  was  primarily  dependent  upon  altitude  and  exhibited 
only  small  gradients.  Therefore,  to  provide  simulation  of  reentry  plasma 
parameters,  the  plasma  should  contain  gradients  of  electron  concentration 
with  a  near  constant  collision  frequency.  The  plasma  thickness  should 
be  in  the  range  of  cue  to  several  inches.  Absolute  magnitudes  of  electron 
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concentration  and  collision  frequency  depend  on  the  electromagnetic 
frequency  chosen  in  order  that  these  magnitudes  he  capable  of  producing 
large  attenuations  of  the  signal  at  the  chosen  frequency. 

Plasma  generation  can  he  accomplished  in  both  static  and  dynamic 
facilities.  Dynamic  plasmas  are  generated  in  shock  tubes ,  shock  tunnels,^* 
plasma  jets,  and  free  flight  ranges.  These  facilities  give  good  simula¬ 
tion  of  such  features  as  aerodynamic  flow  about  a  scaled  model,  gas 
and  electron  temperature,  electron  concentration,  and  collision  frequency. ^ 
Some  undesirable  features  characteristic  of  such  generators  are  short 
tesjt  time,  small  plasma  volume,  inability  to  reproduce  the  plasma,  and 
generally  high  operating  cost. 

Static  plasmas  are  produced  by  impressed  radio  frequency  fields,  low 
pressure  flames,  arc  discharges,  and  glow  discharges.  These  plasma  sources 
do  not  give  realistic  flows  and  are  also  marginal  in  free  electron  con¬ 
centration  and  the  collision  frequencies  obtainable.  The  most  desirable 
features  are  continuous  operation,  ease  of  instrumentation,  good 
reproducibility,  and  low  operating  cost,  large  plasma  volumes  can  be 

i 

shaped  so  that  plasmas  of  varying  thicknesses  are  possible.  A  more  * 

detailed  account  of  the  applicability  of  various  plasma  generators  for 
telemetry  studies  is  given  in  Ref.  4.  Review  of  the  advantages  and 
disadvantages  of  these  facilities  indicates  the  glow  discharge  to  be  well 
suited  for  telemetry  studies. 

'  Glow  discharge  is  a  complex  phenomenon  with  several  distinct  regions 
of  various  characteristics.  The  region  utilized  for  electromagnetic  inter¬ 
action  studies  is  the  positive  column  which  is  characterized  by  equal 


numbers  of  electrons  and  positive  ions,  thermal  nonequilibriura,  low 
voltage  gradients,  and  aoblpolar  diffusion  as  the  dominant  loss  mechanism. 
The  principal  problem  is  obtaining  a  high  electron  concentration  in  a 
large  volume  so  that  a  reasonable  approximation  to  a  plasma  slab  is 
obtained.  McDonnell  has  developed  the  rectangular  glow  discharge  facility 
shown  in  Fig.  1  which  fulfills  the  requirements  for  electromagnetic  inter¬ 
action  studies*  The  rectangular  geometry  vas  chosen  to  beet  utilize  the 
plasma  volume  obtained  and  to  approximate  a  plasma  slab  for  correlation 
to  theoretical  analyses. 

The  main  part  of  the  glow  discharge  facility  is  fabricated  from  3/4 
inch  silicone  laminate.  One  wall  is  pyrex  plate  glass  (12  x  24  x  1  l/4 
inches)  to  permit  visual  observation  of  the  plasma.  The  instrumentation 
ports  are  pyrex  ground  glass  sockets  which  allow  diagnostic  equipment 
to  be  easily  moved  to  different  test  regions.  The  system  can  be  evacuated 
to  a  minimum  pressure  of  less  than  1  p  Hg  without  using  a  cold  trap  or 
diffusion  pump. 

The  primary  design  feature  of  the  facility  is  its  double  or  hollow 
cathode  permitting  passage  of  large  currents  without  arcing.  The  cathode 
consists  of  two  plane  parallel  stainless  steel  plates  (5  x  11  inches). 
Current  density  at  the  cathode  is  increased  as  much  as  a  thousand  times 
that  observed  in  a  glow  discharge  using  a  single  cathode.  Sustaining 
voltage  is  considerably  lower  than  that  observed  in  a  normal  glow  dis- 
charge.  *  *  The  anode  (7/8  x  11  inches)  is  also  planar  and  made  of 
stainless  steel.  The  electrodes  are  well  polished  to  prevent  "hot  spots" 
and  subsequent  arcing. 
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The  discharge  is  maintained  by  a  power  supply  capable  of  3000  volts 
at  20  amperes.  A  125  ohm,  625  watt,  wire  wound,  ballast  resistor  is 
used  for  circuit  stability. 

The  plasma  instrumentation  is  shown  in  Table  2.  The  discharge 
characteristics  measured  were  voltage  drop,  current,  and  gas  pressure. 

For  this  study  program,  the  primary  requirement  of  the  glow  discharge 
was  to  produce  plasma  frequencies  greater  than  the  transmitting  frequency 
so  that  significant  attenuation  resulted.  The  discharge  performance 
was  optimized  as  a  function  of  test  gas,  pressure,  and  allowable  current 
flow  before  arcing.  Argon  at  a  pressure  of  100  p,  Hg  yielded  a  uniform 
plasma  slab  at  currents  up  to  five  amperes.  However,  the  electron  con¬ 
centration  resulted  in  an  inadequate  attenuation  of  25$  for  an  S-bend 
signal.  Helium  at  600  p  Hg  produced  higher  attenuations,  but  the  dis¬ 
charge  constricted  into  two  distinct  columns  which  tended  to  become 

unstable.  Plexiglass  inserts  were  placed  in  the  facility  to  reduce  the 

« 

vertical  plasma  dimension  from  12  to  h  inches.  With  this  configuration 
helium  at  60C  p  Hg  with  currents  up  to  5  amperes  proved  satisfactory  and 
was  used  throughout  the  tests.  The  volt-ampere  characteristics  showed 
the  discharge  to  be  operating  in  the  normal  glow  region ‘‘with  a  voltage 
drop  of  hkO  volts  for  currents  up  to  5  amperes. 

The  facility  plasma  characteristics jirp  summarized  in  Table  3* 
Electron  concentration  is  a  linear  function  of  current  from  0.3  to  5 
amperes.  The  remining  parameters  are  independent  of  current.  A  complete 
description  of  the  plasma  and  discharge  parameters  and  the  instrumentation 
techniques  is  given  Ref.  8. 


CQ»5UNICATI0N  EQUIPMENT 


The  coemnication  equipment  was  designed  to  'be  compatible  with  the 
plasma  facility  and  to  meet  the  objective  of  investigating  basic  phenomena 
of  signal  degradation  caused  by  a  reentry  plasta  medium.  Simulation 
parameters  desired  were: 

(a)  Pulses  transmitted  by  amplitude  and  frequency  modulation, 

(b)  Power  levels  of  the  order  of  a  Jew  wat.s  to  milliwatts, 

(c)  Transmission  frequency  in  the  proper  range  to  produce  high 
levels  of  attenuation  for  a  wide  range  of  u>  with  respect  to 
ui_  to  obtain  parametric  data, 

(d)  ShF  carrier  frequency  for  a  realistic  relationship  between 
wavelength  and  plasma  thickness  and  small  antenna  size  compared 
to  the  plasma  dimensions,  and 

(e)  Monitoring  of  the  s'^l  time  function  and  frequency  spectrum 
to  determine  frequency  sensitive  phase  shift  and  attenuation. 

The  communication  system  block  diagram  fulfilling  these  requirements  for 

telemetry  signals  is  shown  in  Fig.  2.  The  transmission  channel  was 

matched  to  minimize  reflections  by  adjusting  the  facility  wall  thickness 

to  a  multiple  of  one-half  wavelength. 

The  block  diagram  for  the  nanosecond  pulse  experiment  is  shown  in 
Fig.  3,  and  Fig.  1  is  a  photograph  of  the  experimental  configuration. 

The  technique  to  generate  the  nanosecond  pulse  was  developed  for  low 
power  applications .9 


EXPERIMENTAL  RESULTS 

The  three  basic  phases  of  experimentation  with  telemetry  signals 
were  degradation  studies  with  static  plasmas,  time-variant  plasmas,  and 
PCM-AM  (non -coherent)  system  performance  tests.  Primary  emphasis  was 
placed  on  static  tests  with  detailed  examination  of  time  function  and 
frequency  spectrum  data  to  determine  frequency  sensitive  channel  N 


characteristics . 
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A  carrier  frequency  of  4  gcps  vas  selected  as  giving  acceptable 
performance  with  respect  to  attenuation  and  antenna  size.  The  maximum 
attenuation  at  this  frequency  vas  15  db.  The  ranges  of  the  modulation 
function  parameters  were  based  upon  present  practical  corsaunication 
requirements  as  veil  as  the  practicality  of  laboiatory  instrumentation. 

It  vas  desirable  to  investigate  a  group  of  signals  with  vide  variation  of 
frequency  spectral  spacing.  Such  signals  reveal  nonlinear  effects  of 
the  medium  as  veil  as  the  basic  effects  of  the  medium  on  the  Fourier 
components.  A  practical  signal  vhich  satisfies  \hese  requirements 
results  from  square  pulse  modulation.  Both  amplitude  and  frequency 
modulation  vere  investigated.  The  pulse  vidths  examined  varied  from 
5  to  1000  ns  vhile  pulse  repetition  rate  varied  from  500  to  50,000  cps. 
The  transmitted  power  levels  vere  on  the  order  of  millivatts.  Plasma 
characteristics  vere  varied  over  the  range  from  .5tu  SoipS  1.6a>  for  a 
v/<u  «*  O.37.  Most  of  these  tests  vere  performed  with  the  antennas  opera¬ 
ting  in  the  near  field. 

A  sample  of  the  data  is  3 hewn  in  Fig.  4.  Frequency  spectrum  and 
time  function  data  are  presented  for  both  a  plasma  and  no  plasma  case. 
Gains  vere  adjusted  in  the  plasma  case  (fp  =  5*3  gcps)  to  accentuate  any 
nonlinear  effects  thus  not  shoving  the  true  channel  attenuation  vhich 
vas  9  db.  The  case  shewn  is  an  amplitude  modulated  pulse  of  width  5  ps 
with  a  repetition  rate  50,000  pps.  The  marker  on  the  frequency  spectrum 
photograph  indicates  the  frequency  spread  between  the  center  of  the 
photograph  and  marker  vhich  for  this  case  vas  1.2  meps.  The  upper  trace 
on  the  time  function  photograph  is  the  transmitted  pulse  vhile  the  lover 
trace  on  the  photograph  is  the  received  signal. 


The  data  presented  is  characteristic  of  the  entire  modulation  degrada¬ 
tion  experiment  for  telemetry  signals.  Ho  distortion  of  the  aodulation 
function  vas  observed  during  the  entire  test  sequence  for  static  plasma 
conditions.  These  results  indicate  that  typical  telemetry  signals  would 
not  exhibit  detectable  nonlinear  phase  shift  or  attenuation  during  reentry. 

Experiments  with  time  variant  plasmas  were  performed  to  investigate 
the  effects  o£  changes  in  the  plasma  characteristics  on  a  propagating 
microwave  signal.  Such  changes  in  reentry  plasmas  nay  occur  because  of 
ablation  materials  or  flew  field  turbulence.  A  lack  of  data  on  the 
frequency  and  magnitude  of  such  variations  led  to  an  investigation  over 
a  wide  range  of  frequencies  from  very  lew  to  tens  of  kilocycles. 

Variations  in  the  glow  discharge  tube  current  were  accomplished  by 
an  electronically  controlled, current  shunting  amplifier  connected  in 
parallel  with  glow  discharge  tube.  Since  the  circuit  power  supply  was 
a  constant  current  source,  variations  in  the  amplifier  current  produced 
equal  variation  in  discharge  current  and  electron  concentration. 

Samples  of  the  data  are  presented  in  Fig.  5*  The  upper  trace  in  each 
photograph  shows  the  discharge  tube  current  with  modulation  function. 

The  modulation  functions  shewn  are  a  5  keps  sine  wave  and  a  square  pulse 
of  250  microseconds  duration  and  repetition  rate  of  1  keps.  Only  part 
of  the  sine  function  is  shewn  since  the  amplifier  was  biased  in  cut-off 
for  static  operation.  The  variation  in  the  tube  current  is  from  0.1  to 
2.0  amperes  in  each  case.  The  lower  traces  show  the  received  microwave 
signal,  a  1  keps  square  wave.  In  both  cases  the  amplitude  of  the  received 
signal  follovs  the  modulation  function.  The  high  frequency  fluctuations 


appearing  on  the  received  signal  during  pulse  modulation  were  apparently 
caused  by  an  instability  induced  in  the  plasma  as  a  result  of  the  sharp 
change  in  current  level.  These  fluctuations  were  definitely  not  caused 
by  striations  in  the  plasma. 

Similar  data  was  taken  for  sine  wave  modulation  functions  varying 
from  100  cps  to  50  kcps  and  for  random  noise  of  20  kcps  bandwidth.  The 
results  show  the  production  of  possible  error  effects  by  changing  the 
signal  energy,  the  apparent  position  of  the  leading  edge  of  the  pulse, 
or  the  apparent  pulse  width. 

Experiments  with  a  PCM-AM  (non-coherent)  system  were  also  performed 
to  verify  the  conclusions  formulated  on  the  basis  of  the  single  pulse 
studies.  The  criterion  of  performance  was  probability  of  error.  Tests 
were  performed  with  both  variable  and  fixed  decision  thresholds.  Reduction 
in  the  system  signal  to  noise  ratio  caused  by  insertion  of  the  plasma  was 
shown  to  be  equivalent  to  increasing  channel  attenuation. 

Since  these  experiments  had  shown  no  detectable  distortion,  a 
test  was  performed  to  determine  the  effect  on  a  very  wide  bandwidth  signal. 
This  test  was  limited  to  pulse  modulation.  Fnotographs  of  the  received 
signal  for  various  plasma  conditions  are  shown  in  Fig.  6.  The  upper  set 
of  photographs  was  taken  with  gains  held  constant  to  accentuate  attenua¬ 
tion  characteristics,  while  the  lower  set  was  taken  with  gains  adjusted 
to  accentuate  distortion  effects.  The  sweep  rate  for  all  photographs 
wb3  1  nanosecond  per  centimeter.  Attenuation  characteristics  were  as 
expected  with  approximately  12  db  loss  for  a  discharge  current  of  4  amperes. 


Distortion  effects  vere  not  as  pronounced  as  anticipated.  The  vide 
variation  in  attenuation  and  phase  shift  characteristics  over  the  signal 
bandwidth  led  to  an  expectation  of  appreciable  degradation.  The  observed 
distortion  was  limited  to  a  slight  increase  in  pulse  vidth  (10-20^)  at 
discharge  currents  producing  plasm  frequencies  near  the  transmitting 
frequency.  Hovever,  due  to  synchronizing  difficulties  it  could  not  be 
conclusively  determined  that  the  pulse  broadening  was  caused  by  plasma 
effects . 

A  computer  program  is  presently  being  written  to  theoretically 

*5s 

predict  degradation  for  arbitrary  pulse  shapes  and  plasma  conditions. 
Theoretical  verification  of  these  results  will  then  be  attempted. 

PREDICTION  OF  SYSTEM  PERFORMANCE 

The  experimental  results  of  the  preceding  section  were  used  to 
predict  the  effects  of  such  plasma  conditions  on  various  pulse  code 
modulation  (PCM)  systems.  Digital  systems  were  selected  for  study 
because  of  their  extensive  usage  and  superior  performance  to  analog 
systems.  Pulse  code  modulation  was  analyzed  because  of  its  use  in 
present  vehicles  and  its  theoretically  superior  information  capability. 
Since  no  dispersion  was  detected  for  signals  of  telemetry  tandvidths, 
only  the  attenuating  effects  of  the  plasma  were  considered. 

The  performance  of  PCM  systems  in  the  presence  of  Gaussian  noise 
has  been  well  documented  (e.g.,  Ref.  10).  Probability  of  binary  digit 
error  is  the  usual  criterion  of  performance.  Amplitude,  frequency,  and 
phase  modulation  vere  investigated.  Both  coherent  and  non-coherent 
detection,  that  is,  the  presence  or  absence  of  a  reference  carrier  at 
the  receiver,  were  analyzed. 
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In  a  PCM-AK  (non- coherent)  system  the  Information  is  carried  on  the 
anplitude  of  the  signal.  A  signal  of  the  farm  £  cos  art  Is  transmitted 
for  a  "one"  and  nothing  is  transmitted  for  a  "zero"  Ho  reference 
carrier  is  available  at  the  receiver  and  the  signal  plus  noise  is  pro¬ 
cessed  by  a  Batched  filter  vith  the  decision  as  to  a  "one"  or  "zero"  made 
by  a  threshold  device.  The  conditional  probabilities  of  error  are: 


pd/0)  -  /"  -4exp(-U2/2*2)dU, 
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The  terms  in  the  above  equations  are  defined  in  the  glossary  at 
of  the  paper.  Assuming  an  equal  probability  that  a  one  or  zero 
transmitted,  the  total  _ robability  of  error  is: 

Pc  P  (1/0)  +  i-P(0/l),  X 


the  end 
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If  the  maximum  signal  energy  is  2  \fs,  the  optimum  threshold  is 
approximately  t/e.  Probability  of  error  as  a  function  of  signal  to  noise 
ratio  is  shewn  in  Fig.  7  for  optimum  threshold  conditions,  tiat  is,  the 
threshold  adjusts  itself  to  always  remin  one-half  the  signal  level  of 
a  "one".  The  effects  of  an  attenuating  plasm  on  system  probability  of 
error  ray  be  considered  in  the  following  Banner.  If  optima  threshold 
conditions  are  maintained,  the  probability  cf  error  for  a  plans a  condition 
can  be  read  directly  froo  the  curve  of  Fig.  7  by  adjusting  the  signal, 
level  vith  the- appropriate  plasm  transmission  coefficient,  assuming  only 
the  signal  changes  and  not  the  noise.  If  the  decision  threshold  is  fixed. 
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thQt  is,  indspendcnt  of  e'gnal  level,  the  new  probability  of  error  must 
be  calculated  from: 

Pe  -40,tP(~^)  +  o  1  1  “  Q  [2K  ^T!,» 
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where  K  13  the  voltage  transmission  coefficient  of  the  plasma  and  the 
Q-function  is  defined  and  tabulated  in  Ref.  11. 

The  PCM-AM  (coherent)  system  differs  from  the  non-coherent  system 
in  that  a  local  phase  and  frequency  reference  is  maintained  at  the 
receiver  and  mixed  with  the  incoming  signal.  The  conditional  probabilities 


of  error  are: 
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The  optimum  threshold  for  this  system  is  \p£.  Its  relative  performance 
is  shown  In  Fig.  7-  In  a  plasma  environment,  the  performance  for  variable 
threshold  conditions  can  be  determined  in  the  sprat  manner  as  for  the 


non-coherent  case.  Under  fixed  threshold  conditio:^  the  probability  of 

f\  .*  * 

error  is  given  by:  '  ■  % 
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The  PCM-FM  (2  channel)  system  transmits  a  signal  E  cos  isjt  for  a 
"•me"  and  E  coo  u^t  for  a  "zero".  Detection  is  accomplished  by  a  two* 
channel  receiver  having  each  channel  tuned  to  one  of  the  carrier  frequencies. 
If ‘the  outputs  are '"arranged  cuch  that  the  output  from  the  "zero"  channel  is 
subtracted  iron  the  output  of  the  "one"  channel,  the  optimum  threshold 
dev  cl  is  "zero".  The' decision  in  favor  of  a  "ont ''  or  "zero"  depends 
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upon  whether  the  difference  between  the  two  channels  is  positive  or 
negative.  The  inherent  advantage  of  this  system  is  that  the  decision 
threshold  is  indenendent  of  signal  level.  The  conditional  probabilities 
of  error  are: 
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Since  threshold  is  independent  of  signal  level,  the  probability  of 

error  fev  a  plasma  case  may  be  read  directly  from  the  curve  in  Fig.  7 • 

In  the  PCM-PM  (differentially  coherent)  system  the  information  is 

carried  on  the  phase  of  the  carrier  with  the  "one"  and  "zero"  functions 

l60°  out  of  phase.  The  differentially  coherent  system  detects  the  phase 

shift  between  successive  binary  digits.  The  probability  of  making  an 

error  when  the  previously  transmitted  digit  is  used  as  a  reference  is i 
1  E  '  ' 

pfe-4^p(--). 

o“ 

Since  threshold  is  independent  of  signal  level-,  system  performance  in  a 
plasma  environment  can  be  determined  by  refer riivz  to  the  proper  curve 
in, Fig.  7.  ■ 

The  relative,  performance  of  these  systems  under  the  conditions 
producible  in  ther’ glow  discharge  facility  is  shown  in  Fig.  8.  A  10  db 
signal  to  noise  ratio  was'  assumed  for  r.o  plasma  conditions .  These  results 
illustrate  the 'superior  performance  given  by  phase  modulation  and  the  , 
greatly  improved1  pecformance^possible  by  maintaining  optimum  tiireshola 
for  AM  systems . 
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If  pulse  distortion  effects  were  considered,  the  total  probability  of 
error  would  depend  on  the  particular  binary  sequence  under  consideration.  . 
The  same  analysis  would  be  followed  with  effects  of  pulse  overlap  or 
channel  memory  added  to  the  signal  levels  in  the  conditional  probability 
integrals  with  no  change  in  the  threshold  level  or  limits  of  integration. 

CONCLUSIONS 

The  results  of  this  program  show  no  detectable  degradation  of  the 
modulation  function  for  signals  of  typical  telemetry  bandwidths  prop¬ 
agating  through  a  plasma  representative  of  reentry  conditions.  A  slight 
increase  in  pulse  width  was  observed  in  the  nanosecond  pulse  experiment. 
Theoretical  verification  of  this  result  will  be  attempted.  The  glow 
discharge  facility  pei formed  very  satisfactorily  and  additional  tests 
relative  to  the  plasma  transmission  problem  are  planned. 

GLOSSARY 

probability  that  a  "one"  is  detected  when  a  "zero" 
is  transmitted 

probability  that  a  ’'zero"  is  detected  when  a  "one" 
is  transmitted 

signal  voltage 

decision  threshold 

noise  power 

average  signal  energy 

modified  Besse?  function 

probability  of  error 

voltage  transmission  coefj  :cient  of  plasma 


P(l/0) 

P(o/i) 
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TABLE  I. 

REENTRY  'TELEMETRY  SYSTEMS 

Vehicle 

Frequency 

mcps 

Transmitted  Power 

Watts  System 

Data  Rate 
msec*1 

Pulse  Width 
Microsecond 

ASSET  .. 

238 

6 

PDM/fM  or 

pdm/fm/fm 

0.90 

.100-700 

ASSET 

9320 

f'oo 

ppm/am 

0.90 

0.75 

Gemini 
(Real  Time) 

230 

2 

PCM/fM 

51.2 

19.5 

Gemini 
(Delay  Time) 

259 

2 

pcm/fm 

112.6 

8,9 

Apollo 

225-260 

2280 

10 

5 

pcm/jm 

51.2 

19.5 

TABLE  II. 

PLASMA  INSTRUMENTATION 

Instrument  Parameter  Derived 

Double  Iangmuir  Probe  Electron  Concentration 

Plasma  Repeatability 
Electron  Concentration  Gradients 

Electron  Temperature 
Electron  -  Neutral 
Collision  Frequency 

Electron  Concentration 


Plasma  Repeatability 
Gas  Temperature 


K^Band  Microwave 
Interferometer  ' 

Photoelectric  Cell 

Thermocouple 


TABLE  III.  FIASMA  CHARACTERISTICS 


Characteristic 

Electron  Concentration 
Plasma  Frequency  ( 

Eleitron-Neutral  Collision 
Frequency 
.  SizeN 

Electron  Distribution 

Collision  Frequene/  Distribution 
Go*  Temperatqpe  . 

Electron  Temperature 
.  Electron  Concentration  ■ 
Reliability 


Range 

2  x  1010  to  5-5  x  10H.  c 
2.0  to  6.5  gcps 
(9*4^  *3)  x  10°  sec. 

1  x  4  x  20  inches 

Approximately  sine  in  1  and  4  inch  axes . 
Uniform  in  20  inch  axis. 

Approximately  constant 
Approximately  350°K 
42,000  +  5000°JC 
Better  than  8555 


t 


FIGURE  1  NANOSECOND  PULSE  EXPERIMENTAL  CONFIGURATION 


No  pic  mw  3  aatparo* 


i*'igure  4.  Experimental  spectrum  end  time  function  photographs. 
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Discharge  current 
Frequency  -  5  heps 

Received  microwave  signal 


Discharge  current 
Pulse  width  -  250  j is 
Received  microwave  signal 


Figure  5.  Time  varian.  plasma  experimental  photcyaphs. 
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VII,  DEVELOPMENT  OF  A  PROBE  FOR  THE  MEASUREMENT  OF  POINT 
VALUES  OF  ELECTRON  DENSITIES  IN  SUPERSONIC  FLOWS* 
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General  Applied  Science  Laboratories,  Inc. 
Merrick  and  Stewart  Avenues 
Westbury,  L.  I.,  New  York 


ABSTRACT 


dynamic  requirements  which  dictate  the  geometry  of  the  cavity 
and  the  mode  of  interaction  of  the  electromagnetic  field  with 
the  flow  itself. 

The  cavity  probe  techniques  appear  to  be  particularly 
convenient  for  measuring  a  broad  range  of  several  orders  of 
magnitude  in  electron  densities  even  when  the  plasma  frequen¬ 
cies  are  larger  than  the  operating  frequency  of  the  cavity. 
Consequently,  standard  microwave  techniques  with  S  and  X  band 
cavities  can  be  used  to  measure  electron  densities  up  to  values 
which  would  require  the  use  of  millimeter  wavelengths  with 
conventional  interferometeric  techniques. 


Sponsored  by  *-~ne  National  Aeronautics  and  Space  Administration, 
Goddard  Space  Flight  Center,  Contracts  NAS5-3929  and  NAS5-9881. 
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A  high  sensitivity  is  obtained  with  this  probe  technique 
due  to  the  large  values  of  Q  which  can  be  achieved  with  a 
resonant  cavity. 

Specific  cavity  arrangements  are  presented,  ranging  from 
configurations  where  the  ionized  gas  is  allowed  to  pass 
through  the  cavity  to  configurations  where  the  probe  measures 
the  electron  density  of  the  flow  passing  over  its  external 
surface. 

Probes  operating  over  the  range  10®  to  101 *  e/cma  have 
been  developed  and  used  in  measurements  conducted  in  a  shock 
tube  facility.  The  results  are  presented  and  compare  with 
the  data  obtained  with  other  techniques. 
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I.  INTRODUCTION 

The  classical  microwave  interferometer  is  one  of  the  most 
widely  used  techniques  in  the  studj*  of  the  plasma  properties 
an  ionized  gas.  The  measurement  is  conducted  without  perturbing 
the  medium  and  a  relatively  pimple  correlation  is  established 
between  phase  and  attenuation  measurements  and  the  electron 
density  and  electron  collision  frequency  of  the  plasma.  The 
basic  disadvantages  of  these  techniques  are  the  upper  limit  of 
plasma, frequency  which  must  be  lower  than  the  frequency  of  the 
electromagnetic  wave  and  the  long  path  of  propagation  in  the 
mediur  which  is  required  when  the  plasma  frequency  becomes  v&ky 
small.  Thus  only  the  average  properties  of  the  plasma  can  be 
determined  on  the  basis  of  such  measurements. 

In  the  microwave  range  resonant  structures  can  be  built 
with  large  values  of  Q  and  dimensions  of  the  same  order  of  the 
wavelength  of  the  electromagnetic  field.  Due  to  the  high  preci¬ 
sion  by  which  ^resonant  frequency  and  Q  can  be  measured  resonant 
cavities  have  been  widely  used  in  the  study  of  electric  proper¬ 
ties  of  materials.  The  high  Q  and  the  relatively  small  dimensions 
suggest  tha  possibility  of  using  cavities  in  the  measurement  of 
the  electric  properties  of  an  ionized  gas.  In  actual  flight 
conditions  and  large  simulation  facilities  the  flow  dimensions 
are  usually  large  compared  to  the  dimensions  of  resonant  micro- 
wave  structures  in  the  centimeter  wavelength  range,  consequently 
quasi  local  values  of  the  electric  properties  of  the  flow  can  be 
measured  with  these  techniques.  The  main  disadvantage  is  that 


cha  resonant  microwave  structure  probe  has  to  be  located  in  the 
flow.  The  ensuring  flow  perturbation  depends  on  the  aerodynamie 
and  fluid  dynamic  properties  of  the  flow  itself.  Thus,  to  mini¬ 
mize  the  flow  perturbation,  the  probe  shape  has  to  be  designed 
according  to  the  aerodynamic  and  fluid  dynamic  properties  at  the 
point  where  the  probe  is  located,  'in  a  flow  situation  an 
extremely  wide  range  of  electron  densities  is  found.  To  obtain 
r, he  desired  sensitivity  in  the  meas.urv-nent  of  the  plasma  * 
properties  different  approaches  to  the  mode  of  interaction 
between  the  electromagnetic  field  and  the  plasma  must  be  taken 
according  to  whether  the  plasma  frequency  is  small  or  large 
compared  to  the  operating  frequency  of  the  probe.  It  is  the 
purpose  of  this  paper  to  discuss  the  basic  properties  of  the 
interaction  mechanism  between  the  field  of  a  re  sonant  structure 
and  the  plasma,  which  lead  to  the  selection  o"  the  mode  of 
operation.  Furthermore  some  of  the  fluid  dynami  .  and  plasma 
dynamic  effects  arising  in  the  perturbation  of  the  flow 
induced  by  the  probe  will  be  discussed. 


. . . . . . mi . . . . . m,mm . . . . .  rt:t!!''i!ii'Ma!i;.|i!i.  . . . . . 
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II.  CLOSED  CAVITY  PROBES 

The  design  of  a  specific  microwave  resonant  structure  as  a 
plasma  probe  depends  on  the  aerodynamic  and  plasma  dynamic 
properties  of  the  ionized  medium  where  the  probe  is  located. 

The  range  of  resonant  frequencies  and  the  mode  of  operation 
of  the  probe  depend  on  the  electric  properties  of  the  ionized 
gas.  The  region  of  interaction  between  gas  end  electromagnetic 
field  of  the  probe  has  to  be  minimized  in  order  to  obtain  a 
quasi  local  measurement  of  the  plasma  properties.  Furthermore 
the  shape  of  the  probe  has  to  be  selected  in  such  a  way  as  to 
minimize  the  perturbation  of  the  physical  properties  of  the 
ionized  gas. 

Before  discussing  the  restrictions  imposed  by  the  aero¬ 
dynamic  and  plasma  dynamic  conditions  on  the  probe  design  it  is 
convenient  to  analyse  some  basic  types  of  microwave  resonant 
probes  in  the  presence  of  a  plasma  which  is  characterized  by  a 
plasma  frequency  and  an  electron  collision  frequency  V.  in 
this  analysis  a  cold  plasma  model  is  assumed,  i.e.  plasma 
oscillations  are  not  taken  into  accunt.  With  a  sufficiently 
small  intensity  of  the  electromagnetic  field  and  a  large 
operating  frequency  of  the  probe,  a  linear  theory  can  be  used 
in  the  analysis  of  the  electron  motion  in  the  plasma.  With 
no  DC  magnetic  field,  the  plasma  is  characterized  by  a  complex 
index  of  refraction  x  which  is  given  by 
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The  plasma  frequency  is  related  to  the  electron  density  n 
through  the  equation 


w  3  =  22- 
P  me 


(2) 


where  e>  m  are  the  electric  charge  and  mass  of  an  electron  and 
*D  is  the  dielectric  constant  of  a  vacuum. 

.In  general  the  calculation  of  the  resonant  frequency  and 
Q  factor  of  a  microwave  structure  in  the  presence  of  the 
plasma  is  extremely  involved  and  numerical  methods  of  solution 
have  to  be  used  in  each  particular  case.  Nevertheless,  some 
of  the  basic  properties  of  the  interaction  of  the  plasma  with 
the  electromagnetic  field  can  be  readily  discussed  on  the  basis 
of  a  perturbation  theory. 

Consider  first  a  microwave  structure,  without  plasma, 
which  resonates  at  a  frequency  for  a  given  mode  of  opera- 
tion  and  let  E  be  the  local  value  of  the  electric  field,  in 
the  presence  of  the  plasma,  if  a  small  perturbation  of  the 
field  is  induced  by  the  plasma  itself,  the  resonant  frequency 
is  shifted  to  a  new  value  +  A  w-  A  u)  is  given  by: 


A  to) 


r 

BO 


dV 


2  to  e 

o  o 


(3) 


E  dV  «  .. 


where  Vis  the  volume  occupied  by'jfhe  electromagnetic  field. 
In  Eq.  (3)  j  is  the  electric  current  density  induced  in  the 
plasma.  By  virtue  of  Eq.  (1> 
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j  =  -  ic  w  3  - 5—.— 

J  o  p  fa)  -  iu 


(4) 


.■  A  fa) 

One  observes  that  the  — 7—  is  a  complex  quantity.  The 

“o 

real  part  of  Eq.  (3)  gives  the  actual  shift  of  the  resonant 
frequency  and  the  imaginary  part  is  related  to  the  change  in 
the  Q  factor  through  the  equation: 


=  2  In 


(5) 


It  is  important  to  observe  that  the  perturbation  equation 
(3)  does  not  necessarily  imply  that  the  plasma  is  underdense 
(<dp  <  «o) .  In  the  case  «  fa)Q  the  plasma  may  occupy  a  large 
fraction  of  the  total  volume  V  without  introducing  a  large 
perturbation  on  the  field  distribution.  On  the  other  hand  if 
fa)  >  fa)Q  the  perturbation  in  the  field  distribution  is  still 
small  provided  that  the  penetration  depth  of  the  electromag¬ 
netic  field  inside  the  plasma  is  sufficiently  large  compared  to 
the  dimensions  of  the  plasma  region.  Specifically  the  plasma 
region  must  have  everywhere  a  linear  dimension  which  is  small 
compared  to  the  quantity  c/fa)p  where  c  is  the  speed  of  light 
in  a  vacuum. 

In  the  particular  case  of  a  uniform  plasma  Eq.  (3)  yields 


(6) 
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where 


J  EadV 

_ 

J  E3av 


(7) 


V  is  the  volume  of  the  plasma  region*  :c  may  ne  defined  as  the 
sensitivity  of  the  probe.  Eq.  (7)  shows  that  K  increases  as 
the  plasma  volume  V  increases.  By  means  of  Eq.  (6)  and  a 
measurement  of  both  the  resonant  frequency  shift  and  the  Q 
of  the  probe  one  obtains  the  value  of  and  V. 


From  Eq.  (6)  one  observes  that  as  long  as  the  collision 
frequency  v  is  small  compared  to  the  shift  of  the  resonant 
frequency  is  dominant  compared  to  the  decrease  of  the  Q  of  the 
probe.  Therefore,  due  to  the  large  values  of  Q  which  can  be 
attained  h  a  microwave  structure  this  scheme  of  interaction 
is  particularly  appealing  for  the  measurement  in  an  underdense 
plasma  over  a  wide  range  of  electron  densities. 


With  this  scheme  of  interaction  two  basic  types  of 
resonant  structures  can  be  used.  One  corresponds  to  a  cavity 
where  the  plasma  is  inserted  in  the  cavity  itself  through  a 
suitable  channel.  The  second  scheme  is  an  open  nonradiating 
structure  located  inside  the  plasma.  * 

A  typical  example  of  the  first  type  of  probe  is  a  cylin¬ 
drical  cavity  of  radius  r3  and  height  zq  as  shown  in  Fig.  la. 

Assume  a  uniform  plasma  confined  in  the  cylindrical  region 
of  radius  ri  coaxial  with  the  cavity.  In  the  fundamental  TK^j, 
mode  of  operation  the  resonant  frequency  and  the  change  in  the 


Q  of  the  cavity  are  given  by  the  complex  values  of  «  which 
satisfy  the  equation: 


where  j,  Y  are  the  Bessel  functions  of  the  first  and  second 
kind  respectively. 


In  the  absence  of  the  plasma  (x  =  1),  the  solution  of 
x0 

Eq.  (8)  is  c  —  where  .xQ  is  the  first  root  of  JQ{x)  =  0. 

Assume  now  that  the  plasma  is  strongly  underdense 
(Wp  «  W0).  In  this  case  Eq.  (8)  reduces  to 


As  mentioned  before  a  small  perturbation  of  the  field 
inside  the  cavity  is  found  even  in  an  overdense  plasma  pro¬ 
vided  that 

■f  M  i  *io> 

This  implies  tliat  the  radius  rj  of  the  plasma  cylinder  is 
small  compared  to  r3  and  to  the  penetration  depth  of  the  elec¬ 
tromagnetic  field  in  the  plasma. 


I 


When  Eq.  (10)  is  satisfied  one  has 


2  J\  (xQ)  \r8 


wp 


1  -  i 


From  Eqs.  (9)  anrf  (11)  one  observes  that  this  — — *  depends 

2  0  O 

on  the  product  rx  .  Thus  the  probe  measures  the  electron 
density  per  unit  length  in  the  axial  direction.  It  is  worth¬ 
while  pointing  out  that  in  the  TM0l0  mode  the  plasma  is  found 
in  the  region  of  maximum  value  of  the  electric  field,  which 
is  the  ideal  condition  for  a  strong  effect  of  the  plasma  on 
the  resonant  frequency. 

This  technique  is  used  to  measure  electro::  density  in  a 
variety  of  experimental  conditions  (Refs.  1  and  23). 

An  application  to  a  supersonic  flow  condition  is  shown  in 
Fig.  lb.  The  region  A  corresponds  to  the  cylindrical  trans- 
mission  cavity  and  the  plasma  is  injected  coaxially  with  the 
cavity  through  the  channel  B.  One*  observes  that  the  channel 
has  a  slightly  divergent  conical  shape  dictated  by  aerodynamic 
considerations  which  will  be  discussed  in  the  next  section. 

Also  the  external  conical  shape  is  determined  by  the  flow  field 
Mach  number.  In  the  central  part  of  the  cavity  the  confinement 
of  the  plasma  is  obtained  with  a  thin  dielectric  window. 

This  probe  departs  somewhat  from  the  scheme  of  Fig.  la 
because  the  cavity  is  not  a  completely  closed  structure.  When 
the  plasma  is  underdense  the  electromagnetic  field  penetrates 
into  the  channel  B  and  some  radiation  losses  occur  at  both  ends 


\ 


of  the  channel  itself.  As  a  consequence  the  Q  of  the  cavity 
depends  also  on  the  radiation  losses.  Neglecting  the  effect 
due  to  the  small  conical  divergence,  one  may  consider  the 
channel  as  a  section  of  a  cylindrical  waveguide  which  is 
excited  in  a  TMol  mode.  Therefore  it  is  necessary  to  keep 
the  radius  of  the  channel  small  compared  to  the  value  which 
corresponds  to  the  cutoff  condition.  Furthermore  the  length 
of  both  sections  of  the  channel  has  to  be  long  in  order  to 
minimize  the  intensity  of  the  field  at  both  ends  of  the  probe. 
Unfortunately,  a  long  narrow  inlet  channel  is  undesirable 
from  the  flow  point  of  view,  and  a  compromise  solution  has  to 
be  adapted  which  optimizes  the  electromagnetic  requirement 
without  introducing  a  serious  perturbation  of  the  flow. 

It  is  worthwhile  pointing  out  that  the  energy  loss  through 
the  channel  may  become  quite  large  when  the  plasma  becomes 
overdense.  In  this  case  the  above-mentioned  cutoff  consider¬ 
ations  does  not  apply  any  more.  A  surface  wave  is  excited 
at  the  boundary  of  the  plasma  and  a  large  energy  absorption  is 
found  in  the  plasma  even  if  no  substantial  radiation  occurs  at 
both  ends  of  the  probe. 

As  a  consequence  the  use  of  this  probe  i3  limited  to  under- 
dense  plasmas.  The  operating  frequency  of  the  cavity  shown  in 
Fig.  lb  is  in  the  X  band.  Thus  the  maximum  values  of  electron 
densities  which  can  be  measured  with  this  probe  is  in  the 
1011  •*■  101 3  e/cm3  range. 

The  total  range  of  electron  densities  n  that  can  be  meas¬ 
ured  depends  cn  the  narticular  technique  which  is  used  in 
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measuring  the  output  signal  of  the  cavity.  With  an  amplitude 
measurement  the  minimum  measurable  frequency  shift  can  be 
defined  as  half  the  bandwidth  of  the  resonance  curve  of  the 
cavity  in  the  absence  of  the  plasma.  Thus  if  QqIs  the  value 
c£  the  Q  of  the  cavity  without  plasma,  'one  has: 


nmin  2  K  Q, 


where  n  is  the  critical  value  of  electron  density  which 

corresponds  to  ufp  =  <*>0,  and  K  is  defined  in  Eq.  (7) .  In  order 

to  maximize  the  value  of  K  it  is  necessary  to  increase  the 

volume  of  the  interaction  region,  i.e.  the  radius  of  the 

channel.  For  the  probe  of  Fig.  lb  Qq  ~  2xl03 ;  K  ~  .27. 

Thus  n  . ~  10*  e/cm3 . 
mu. 

This  electron  density  range  can  be  extended  to  lower 
values  with  a  differential  technique  in  the  measurement  of 
amplitude  and  phase  of  the  cavity  output. 

Due  to  the  complicated  geometry  of  the  probe  an  exact 
calculation  of  the  shift  of  the  resonant  frequency  as  a  func¬ 
tion  of  the  plasma  properties  cannot  be  performed.  Thus, 
calibration  techniques  must  be  used.  In  the  range  of  low 
electron  densities  the  probe  may  be  calibrated  by  introducing 
in  the  channel  a  dielectric  medium  of  dielectric  constant  close 
tc  unity. 

In  this  cale  the  frequency  shift  has  the  opposite  sign 
compared  to  the  shift  produced  by  a  strongly  underdense  plasma. 


miwo.wTOiiinnitHHmnwff  w.wiHmtimwntitniK  nifr -irw  wi(?n  ww  mni  k  9  {■  ;wrai' 
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Nevertheless  on  the  basis  of  the  perturbation  theory  the 
results  can  be  extrapolated  to  the  equivalent  dielectric  con¬ 
stant  of  a  plasma,  according  to  Eq.  (1) . 

Another  technique  which  appears  to  be  particularly 
suitable  for  extremely  low  electron  densities  is  the  use  of 
an  electron  beam  inserted  in  the  cavity  where  the  electron 
density  is  known  on  the  basis  of  accelerating  beam  and  current. 
A  very  good  coincidence  between  the  results  obtained  with 
these  two  techniques  has  been  found.  In  the  higher  range  of 
electron  densities  the  calibration  is  performed  with  an 
independent  measurement  of  the  plasma  properties  with  a  micro- 
wave  interferometric  techniques  in  the  flow  where  the  probe 
is  located.  Fig.  2  shows  the  characteristics  of  the  probe  of 
Fig.  Ib.  The  solid  line  corresponds  to  the  shift  of  the 
resonant  frequency  obtained  on  the  basis  of  the  above-mentioned 
calibration  techniques  used  is  the  low  electron  density  range. 
The  experimental  points  correspond  to  the  calibration  per  *ormed 
with  the  interferometric  technique. 

The  same  cavity  of  Fig.  la  could  be  used  in  the  range 
2  ft)  without  the  severe  decrease  in  the  Q  which  appear  in  the 
TM  mode  by  exciting  the  cavity  in  the  TE011  mode.  In  thii  case 
no  current  is  flowing  from  the  plasma  to  the  cavity  walls.  For 
the  TE0il  mode  the  resonant  frequency  and  the  change  in  Q  of 
the  cavity  are  given  by  the  complex  solutions  of 

1  Ji(kin)  1  Ji(k3ri)  Yi(kara)  -  Ji(kara)  Y^  (kcri ) 

-  - ■ - - - - -  -  - -  —  ■  - -  - - - —  ■'■■■■■  ■■  -  (13) 

ki  JQ  (ki  rt )  ka  JQ  (k,  rx )  Yi  (k,  ra )  -  Ji  (ka  r3  )  }  (k3  n ) 
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whore 


(14) 


In  the  particular  case  of  ri  <,:  ra  and  of  the  same  order 
of  W  or  smaller,  Eq.  (13)  reduces  to: 


1  X,3 _  l  r^\  _ 1 

16  jQ3  (Xl )  IrJ  «Qa  x  _  i  v' 

“o 


where  Xi  is  the  first  root  of 

Jr  (x)  =  0 


(15) 


(16) 


and  <*>Q  is  the  resonant  frequency  of  the  cavity  without  plasma. 
It  is  of  interest  to  compare  Eq.  (15)  with  Eq.  (11) .  One 
observes  that  due  to  the  high  power  of  the  coefficient  rr/ra 
in  Eq.  (15),  the  TE01X  mode  provides  a  smaller  sensitivity  in 
the  range  of  extremely  small  electron  densities. 

If  one  assumes  now  in  Eq.  (13)  that  the  plasma  is  strongly 
overdense  (Wp»  <*>)  and  v/&  <,r  «pV<*»3,  the  absolute  value  of 
krrr  may  become  large  compared  to  unity.  In  this  case  in 
Eq.  (13): 


where 


_1_  Jr  (hr  rx  )  ^ 
kr  JD  (kr  rx  )  ~  kT 


(18) 
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Thus  the  cavity  of  Fig.  la  is  equivalent  to  a  coaxial  cavity 
with  an  inner  conductor  of  radius  r^  where  the  penetration 
depth  6  of  the  electromagnetic  field  is 


(19) 


The  value  of  6  determines  the  shift  in  the  resonant  fre¬ 
quency  of  the  cavity  and  the  imaginary  part  of  k  1  determines 
the  change  in  Q  of  the  cavity. 


Ill .  OPEN  STRUCTURES  PROBES 

In  the  cylindrical  cavity  probe  discussed  in  the  previous 
section,  when  the  plasma  is  strongly  overdense  and  6  «  r* ,  the 
effect  of  the  plasma  is  to  confine  the  electromagnetic  field  in 
the  region  ri  <  r  <  r?  .  This  property  suggests  the  possibility 
of  using  an  open  cavity  technique  to  measure  high  electron 
densities..  The  plasma  itself  closes  the  cavity  when  Up  »  U 
and  the  mode  of  operation  of  the  cavity  is  selected  in  such  a 
way  as  to  minimize  the  energy  losses  due  to  radiation  and  the 
contact  between  plasma  and  external  surface  of  the  cavity. 

Two  possible  schemes  of  open  cylindrical  cavities  are 
shown  in  Pig.  3.  Fig.  3a  shows  a  probe  where  the  cylindrical 
surface  of  the  cavity  is  exposed  to  the  ionized  gas.  For  a 
strongly  overdense  plasma  and  a  TEexl  mode,  the  frequency 
shift  and  the  change  in  Q  of  the  cavity  are  given  by 


where 


(20) 


Ki 


a  3 
Xl  c 

W  3r  3 


(21) 


and  xi  is  the  first  root  of  Eq.  (16)  and 


fc>o  is  the  resonant  frequency  of  a  perfectly  conducting 
cylindrical  cavity  of  radius  rQ  and  height  zq  in  the  TE0ll 
mode.  An  identical  behavior  is  found  in  the  scheme  of 
Fig.  3b  where  one  of  the  bases  of  the  cylinder  is  exposed  to 
the  plasma  on  the  plane  surface  of  a  wedge.  Again  for  the 
TEci,  mode  and  a  strongly  overdense  plasma  Re  (A  and 

^(l/Q)  are  given  by  Eqs.  (20)  where 

Ki  "  *  f  3  (23 

J2  0)  3z  3 
o  o 


The  schemes  shown  in  Fig.  3  correspond  to  operation  in  a 
supersonic  flow.  Nevertheless  it  is  apparent  that  the  same 
open  cavity  technique  can  be  used  in  a  stagnation  region  or 
in  a  zero  velocity  region  of  the  flow,  where  a  probe  of  this 
type  of  Fig.  1  could  not  be  used  (Ref.  4). 

The  maximum  value  of  electron  density  which  can  be  meas¬ 
ured  with  the  probes  of  Fig.  3  depends  on  the  Q  of  the  cavity. 
Again  if  the  minimum  measurable  frequency  shift  is  def.med  as 
half  the  bandwidth  of  the  resonant  curve  of  the  close  cylin¬ 
drical  cavity.  Thus  if  Qq  is  the  value  of  Q  for  the  closed 
cavity  the  maximum  value  of  electron  density  is 


n  ~  8  n  Kis  Q  a 
max  c  o 


The  order  of  magnitude  of  8  Ki  is  about  unity  in  a 
practical  case.  Thus  Eq.  (24)  shows  that  nmax  may  be  higher 
than  nc  by  several  orders  of  magnitude  and  with  a  relatively 


low  value  of  Q  .  The  most  serious  limitation  in  the  maximum 
o 

value  of  n  which  can  be  measured  arises  from  fluid  dynamic 

and  plasma  dynamic  boundary  problems  at  the  surface  of  the 

window  of  the  cavity.  As  mentioned  before  the  open  cavity 

technique  is  limited  to  the  range  of  overdense  plasmas.  This 

limitation  is  eliminated  with  a  different  technique  which  uses 

an  element  of  nonradiating  dielectric  waveguide  as  a  resonant 

structure  (Ref.  5) .  Assume  for  instance  a  circular  dielectric 

waveguide  of  radius  r  ,  length  z  ,  index  of  refraction  xJ.  a 

o  o  a 

uniform  plasma  is  assumed  in  the  outside  region  r.  >  rQ.  The 
dispersion  equation  for  the  TEQ.ro  mode  is 
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K» ,  K  are  the  modified  Bessel  functions  of  the  second,  bind, 
o 

Ho  radial  propagation  occurs  as  long  as 


m  —  >  —  x 
z  c 
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(27) 


If  condition  (27)  is  satisfied  in  the  range  of  small  electron 
densities  («p  «  «i)  Eq.  (25)  fields 
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<s>o  is  the  resonant  frequency  without  plasma  (x  =  1) .  xq,  yQ 
are  the  values  of  x,  y  for  a)  =  and 
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Thus  the  resonant  frequency  shift  for  U)^  «  u),  is  proportional 
to  the  election  density  of  the  plasma,  as  in  the  previously 
discussed  cavity  probes.  In  the  range  of  large  electron  dens¬ 
ities 


i-‘S 


Eq.  (25)  reduces  to: 
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(33) 


xi  is  the  first  root  of  Eq.  (16)  and  Wj  is  resonant  frequency 

of  the  element  of  waveguide  when  the  external  surface  (r  **  rQ) 

is  assigned  to  be  a  perfect  conductor.  As  expected  in  this 

higher  range  of  the  behavior  of  the  waveguide  is  identical 

to  tho  open  cavity,  in  conclusion  this  type  of  probe  may 

operate  in  a  wide  range  of  electron  densities  from  the  under- 

dense  to  the  overdense  conditions.  Fig.  4  shows  an  example  of 

a  dielectric  probe  which  is  designed  to  operate  in  a  zero 

velocity  region.  The  operating  frequency  is  in  the  X  band,  and 

the  length  of  the  probe  is  three  times  the  waveguide  wavelength 

(m  =  6).  The  dielectric  medium  used  in  this  probe  is  boron 

nitride  (x.  ~  2) .  Two  metallic  plates  are  mounted  at  both 
d 

ends  of  the  probe  in  order  to  reduce  the  radiation  losses.  In 
order  to  have  a  unique  relation  between  resonant  frequency  and 
plasma  properties,  considerable  care  has  to  be  taken  in  the 
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dielectric  probe  to  have  the  required  mode  separation  over 
'the  entire  range  of  resonant  frequencies.  The  mode  separation 
has  to  be  maintained  over  a  value  of  A  -Sd  as  large  as  possible 
in  the  total  range  of  electron  densities.  Furthermore  the 
sensitivity  of  the  probe  must  be  as  large  as  possible  in  the 
upper  range  of  electron  densities  where  the  most  severe 
reduction  in  the  Q  of  the  probe  has  to  be  expected.  With  the 
chosen  dielectric  medium  these  considerations  have  suggested 
the  hollow  structure  of  Fig.  4  for  the  dielectric  waveguide 
which  is  supposed  to  measure  a  range  of  electron  densities 
between  1010  e/cc  and  1014  e/cc.  In  addition  Fig.  4  shows  an 
array  of  three  metallic  wires  imbedded  in  the  dielectric 
medium  to  eliminate  the  modes  which  do  not  belong  to  the 
TEol  type.  The  excitation  of  the  TEojm  mode  is  performed 
through  the  coupling  of  the  dielectric  rods  to  the  narrow 
side  of  a  rectangular  waveguide  which  operates  in  the  funda¬ 
mental  TE0X  mode  as  shown  in  Fig.  4.  The  measure''  Q  of  the 
probe  without  plasma  is  2. 103 .  Fig.  5  shows  the  theoretical 
characteristic  of  the  hollow  dielectric  probe.  In  the  range 
of  low  electron  densities  the  calibration  has  been  performed 
by  surrounding  the  probe  with  a  dielectric  medium  of  dielec¬ 
tric  constant  close  to  unity  with  the  same  technique  followed 
in  the  closed  cavity  probe.  In  the  upper  range  of  electron 
densities  a  calibration  has  been  performed  by  measuring  the 
resonant  frequency  of  the  probe  with  coaxial  metallic 
cylinders  of  different  radii  which  surround  the  dielectric 
medium.  In  this  measurement  the  calibration  is  performed  by 
identifying  the  gap  between  the  inside  surface  of  the  metallic 
cylinder  and  the  external  surface  of  the  dielectric  waveguide 
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with  the  penetration  depth  6  defined  in  Eq.  (19).  In  the 
middle  range  the  probe  calibration  requires  an  independent 
measurement  of  the  plasma  properties.  The  probe  of  Fig.  4 
has  been  designed  for  operation  in  a  large  environment  situ¬ 
ation  where  the  probe  dimensions  are  of  no  particular 
importance.  If  the  dimensions  of  Fig.  4  _re  scaled  down  for 
an  operating  frequency  in  the  30  Gc  range  this  technique 
appears  to  lie  particularly  suitable  for  laboratory  experi¬ 
ments  in  shock  tube  and  shock  tunnel  facilities  (Ref.  6) . 
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IV.  FLUID  DYNAMIC  AND  PLASMA  DYNAMIC  CONSIDERATIONS 

If  a  microwave  probe  is  to  operate  in  a  supersonic  flow  two 
fluid  mechanical  effects  have  to  be  considered,  those  of  com¬ 
pressibility  and  of  viscosity.  The  gaa  should  reacdi  the  region 
of  interaction  with  the  electromagnetic  field  of  the  probe  with¬ 
out  suffering  a  significant  perturbation. 

Consider  first  the  probe  of  Fig.  lb  where  the  flow  is 
allowed  to  pass  through  the  cylindrical  cavity.  The  external 
shape  of  the  cavity  has  to  be  designed  in  such  a  way  to  avoid  a 
detached  shock.  Thus  the  angle  at  the  leading  edge  depends 
upon  the  Mach  number  and  the  angle  of  attack  at  which  the  probe 
is  supposed  to  operate.  This  specific  probe  is  designed  to 
operate  at  M  a  2.5  and  maximum  angle  of  attack  of  5°.  Inside 
the  channel  viscous  effects  can  lead  to  a  perturbation  of  the 
flow  situation  which  in  turn  affects  the  electron  density  dis¬ 
tribution  in  the  interaction  region.  Furthermore  if  proper 
allowance  is  not  made  for  the  boundary  layer  growth  in  the 
channel  a  choking  of  the  passage  may  result  leading  to  a  normal 
shock  standing  ahead  of  the  probe  entrance.  This  effect  can 
be  minimized  by  compensating  for  the  effective  reduction  in 
stream  area.  This  can  be  accomplished  by  using  a  slightly 
divergent  channel  which  is  just  enough  to  compensate  the  bound¬ 
ary  layer  growth.  Since  the  boundary  layer  effect  can  only  be 
assessed  approximately  it  is  necessary  to  perform  aerodynamic 
measurements  of  the  channel  flow  to  assess  the  magnitude  of  the 
flow  field  perturbation.  Measurements  of  the  static  pressure 
were  performed  at  several  stations  along  a  channel  with  half 
the  diameter  of  the  final  design  shown  in  Fig.  lb  at  a  free 
stream  Mach  number  M  =  2,5  and  several  Reynolds  numbers.  A 
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typical  result  is  shown  in  Pig.  6.  It  is  seen  that  the  flow  is 

not  choked  and  that  actually  the  internal  passage  is  slightly 

overexpanded.  This  condition  corresponds  to  the  maximum  Reynolds 

number  at  which  the  probe  is  supposed  to  operate.  The  minimum 

Reynolds  number  at  which  the  probe  may  operate  without  serious 

* 

fluid  dynamic  effects  has  not  been  determined  due  to  the  lack 
of  adequate  facilities. 

The  open  cavity  probes  shown  schematically  in  Pig.  3,  which 
are  designed  for  measurements  of  electron  densities  in  supersonic 
flow  conditions,  are  similarly  affected  by  compressibility  and 
viscosity.  The  configuration  of  Fig.  3a  will  produce  a  flow 
perturbation  due  to  the  shock  formed  at  the  apex  of  the  cone. 
However,  for  many  ionized  flow  fields  of  practical  interest, 
preliminary  calculations  employing  equilibrium  thermodynamics 
have  indicated  that  the  perturbations  caused  by  the  shock  for 
cones  with  semi-vertex  singles  less  than  10°  is  less  than  a  fac¬ 
tor  of  2  in  electron  density.  Non-equilibrium  chemistry  consid¬ 
erations  should  lead  to  even  lower  values  of  t.he  estimated  per¬ 
turbations  in  electron  density.  In  addition  to  the  perturbations 
caused  by  the  shock,  one  must  examine  those  caused  by  the  bound¬ 
ary  layer  which  is  built  up  on  the  cone  and  its  afterbody. 
Preliminary  calculations  of  the  boundary  layer  growth  over  a 
10°  semi-vertex  angle  cone,  three  inches  long,  have  indicated 
that  for  conditions  similar  to  those  for  which  the  internal 
cavity  probe  was  developed,  that  portion  of  the  boundary  layer 
where  the  electron  density  differs  significantly  from  that 
external  to  the  boundary  layer  is  on  the  order  of  1/10  of  the 
boundary  layer  thickness  and  extended  about  4/10  mm  aK  /e  the 
surface  of  the  cone.  The  configuration  shown  in  Fig.  3b  will 
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have  negligible  effects  of  shock  perturbations  of  the  electron 
density  for  flow  conditions  where  viscous  interaction  effects 
are  not  large.  The  calculated  boundary  layer  thicknesses  will 
be  larger  than  those  for  the  cone  differing  roughly  by  a  factor 
of  a/3  for  the  same  length  over  which  the  boundary  layer  is 
allowed  to  grow. 

In  addition  to  the  fluid  dynamic  perturbations  induced  by 
the  probe,  the  electron  density  distribution  in  the  interaction 
region  may  be  affected  by  the  plasma  boundary  conditions  at  the 
wall  of  the  probe.  In  the  range  of  electron  densities  of  inter¬ 
est  in  a  fluid  dynamic  problem,  the  Debye  shielding  distance  is 
always  extremely  sm'.ll  compared  to  the  dimensions  of  the  inter¬ 
action  region,  for  both  overdense  and  underdense  plasma.  The 
plasma  sheath  at  the  surface  of  the  probe  may  become  important 
only  when  the  mode  of  operation  of  the  probe  involves  an  elec¬ 
tric  current  flowing  from  the  wall  to  the  plasma,  particularly 
in  the  case  of  an  overdense  plasma.  For  this  reason  the  TE0 
modes  have  been  selected  for  both  the  open  cavities  and  the 
dielectric  probes.  Also,  it  is  worthwhile  pointing  out  that 
the  TEq  modes  of  operation  avoid  a  possible  coupling  mechanism 
between  the  electromagnetic  field  and  the  plasma  oscillations 
in  the  plasma  sheath. 

The  most  serious  perturbation  of  the  electron  density  dis¬ 
tribution  in  the  interaction  region  appears  to  be  due  to  the 
diffusion  of  the  charged  particles,  ions,  and  electrons,  toward 
the  wall  of  the  probe.  The  walls  act  as  a  sink  for  the  charged 
particles  which  recombine  at  the  wall.  Thus,  the  electron  den¬ 
sity  at  the  surface  of  the  probe  becomes  very  small  compared  to 
the  density  in  the  unperturbed  region.  It  is  apparent  that  the 


thickness  of  the  layer  close  to  the  wall,  where  the  electron 
density  decay  is  important,  must  be  small  compared  to  the  dimen¬ 
sions  of  the  interaction  region.  Consider  the  flow  of  the 
ionized  gas  inside  a  cylinder  of  radius  rQ  as  in  the  case  of 
.he  closed  cavity  probe.  Assume  that  temperature,  density  and 
Jlow  velocity  u  are  uniform.  The  diffusion  equation  for  the 
electron  density  may  be  written  in  the  form 

7an  -  £  u  •  vn  +  -f  [l-f(n)]  =  0  (34) 

in  a  situation  where  the  ionization  processes  are  due  to  colli¬ 
sion  between  neutral  particles.  is  a  positive  constant  which 
depends  upon  the  pressure  and  temperature  of  the  gas.  D  is  the 
ambipolar  diffusion  coefficient  and  f(n)  depends  upon  the  chem¬ 
istry  of  the  ionization  reactions  in  the  gas.  Eq.  (34)  must  be 
solved  with  the  boundary  conditions  of  a  vanishing  electron 
density  at  the  wall  of  the  channel  (r  =  r  ) ,  and  an  assigned 
distribution  of  ng  at  the  entrance  of  the  channel.  At  larger 
distances  from  the  channel  entrance  the  radial  distribution  of 
electron  density  depends  primarily  on  the  parameter 

(35) 

where  n^  is  the  equilibrium  electron  density  at  the  assigned 
values  of  pressure  and  temperature  of  the  channel  flow.  If 
a  »  1  the  electron  density  is  almost  uniform  across  the  channel 
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and  the  electron  density  decay  is  confined  to  a  small  layer 
close  to  the  wall  of  thickness. 


XD 


(36) 


XD  may  be  defined  as  the  electron  diffusion  length.  If  a  «  1 
a  strongly  nonuniform  distribution  has  to  be  expected  and  the 
electron  density  at  the  axis  of  the  cylinder  (r  =  0)  becomes 
small  compared  to  ne.  The  equilibrium  electron  density  ne  may 
be  assumed  to  be  equal  to  the  free  stream  value.  Thus  a  probe 
operating  in  a  situation  where  a  «  1  would  measure  an  electron 
density  which  is  much  smaller  than  .  Figure  7  3hows  the  asymp¬ 
totic  radial  distribution  for  the  particular  case  of  a  reaction 
between  atomic  oxygen  and  nitrogen  where 

£<n)  -  ;4  »  Ka  .  Vo"b  l37> 

e 


k.  is  the  ionization  reaction  rate;  n  ,n„  are  the  oxygen  and 
d  oN 

nitrogen  densities  respectively.  With  assigned  values  of  K, 

a 

and  nfi  it  is  apparent  that  the  perturbation  decreases  as  rQ 
increases  and  D  decreases. 

In  the  case  where  a  «  1,  the  decay  of  electron  density 
along  the  axis  z  of  the  channel  may  be  computed  assuming  ■>  0 
in  Eq.  (34) .  If  a  uniform  electron  density  ne  is  assumed  at  the 
entrance  of  the  channel  (2=0)  the  solution  is 


n  =  2n 
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where 


(39) 


anu  are  the  roots  of  the  equation  Jo(x)  =  0.  From  Eq.  (38) 
one  observes  that  the  electron  density  decreases  rapidly  within 
a  distance  of  the  order  of  the  cylinder  diameter  even  for  rela¬ 
tively  large  values  of  ur  /Dx  .  As  mentioned  in  Section  II, 

o  n 

the  ratio  between  length  zl  and  radius  rQ  of  the  channel  sec¬ 
tion  upstream  of  the  cavity  must  be  sufficiently  large  to  mini¬ 
mize  the  radiation  losses.  Consequently  from  Eq.  (38)  and  the 
requirements  of  a  strong  attenuation  of  the  TMqi  mode  in  the 
channel,  the  ratio  zx/r  must  satisfy  the  condition 


ur 

o 

Dx  3 
n 


(40) 


at  least  for  the  first  few  roots  x  . 

n 

In  the  case  of  the  open  cavities  and  the  dielectric  probe 
the  electron  diffusion  toward  the  surface  is  equally  important. 
Thus  the  combined  fluid  dynamic  and  plasma  dynamic  considerations 
require  that  the  penetration  depth  of  the  electromagnetic  wave 
at  the  maximum  measurable  electron  density  be  large  compared  to 
the  thickness  of  the  layer  where  n  departs  significantly  from 
the  free  stream  value. 

These  fluid  dynamic  and  plasma  dynamic  considerations  show 
that  the  probe  calibration  must  be  performed  in  the  same  range 
of  Mach  number,  Reynolds  number  and  electron  diffusion  length 
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as  those  of  the  flow  in  which  the  probe  is  supposed  to  operate. 

For  the  internal  cavity  probe  calibration  a  shock  tube  was  used 

to  generate  the  plasma.  Measurements  were  made  immediately 

behind  the  incident  shock  where  the  Mach  number  was  approximately 

2.5  and  a  range  of  densities  from  10_sx  10“*  k  /m3 .  Simultaneous 

o 

measurements  of  the  electron  density  were  made  using  the  probe 
and  a  microwave  interferometer  (Ref.  7) .  Typical  results  of 
this  calibration  are  those  shown  previously  in  Fig.  2.  The  cal¬ 
ibration  of  the  dielectric  probe  which  is  intended  for  a  zero 
velocity  application  is  being  conducted  again  with  a  microwave 
interferometer  in  the  region  behind  the  reflected  shock  in  a 
conventional  shock  tube.  The  preliminary  results  are  shown  in 
Fig.  5. 


V.  CONCLUSIONS 

The  microwave  cavity  probe  techniques  offer  the  advantage 
that  measurements  of  both  underdense  and  overdense  plasmas  can 
be  performed.  Thus,  even  extremely  large  electron  densities  of 
the  order  of  1014  e/cc  can  be  measured  using  conventional  micro- 
wave  circuits  in  the  centimeter  wavelength  range.  The  relatively 
small  size  of  a  microwave  resonant  structure  in  this  wavelength 
range  allows  the  measurement  of  quasi  local  values  of  electron 
uensities  over  a  wide  range  of  flow  situations.  Several  orders 
of  magnitude  in  the  electron  density  can  be  measured  by  a  probe 
due  to  the  sensitivity  which  can  be  achieved  in  a  microwave 
resonant  cavity.  The  design  of  a  probe  and  its  mode  of  opera¬ 
tion  is  dictated  by  the  range  of  flow  conditions  in  which  the 
probe  is  intended  to  be  used.  Several  practical  probe  geometries 
can  be  designed  which  minimize  the  flow  perturbation  induced  by 
their  presence  and  in  particular  do  not  significantly  change  the 
local  value  of  electron  density  in  the  region  of  interaction 
with  the  electromagnetic  field. 
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CHARACTERISTIC  OF  THE  CYLINDRICAL  CAVITY  PROBE 


.  3  OPEN  CAVITY  PROBE 
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FIG.  6  STATIC  PRESSURE  DISTRIBUTION  IN  THE  INLET 
CHANNEL  OF  THE  CYLINDRICAL  CAVITY 


FIG.  7  RADIAL  ELECTRON  DENSITY  DISTRIBUTION 
IN  A  CYLINDRICAL  CHANNEL 


VIE.  MEASUREMENT  OF  PIASMA  PARAfCTERS 
USIfC  A  RADIAL  TRANSMISSION  LIJE 
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ABSTRACT 

This  report  presents  a  new  method  for  measuring  the  electron 
density  and  collision  frequency  of  plasmas.  This  diagnostic  technique 
which  is  applicable  to  low  as  well  as  high  density  plasmas,  minimizes 
the  usual  field  problems  associated  with  microwave  plasma  diagnostic 
schemes.  The  effect  of  plasma  non-uniforvdty  on  this  technique  has 
been  calculated.  Spectragraphic  measurements  and  thermodynamic  parti¬ 
tion  function  calculations  were  found  to  be  consistent  with  the  plasma 
parameters  measured  with  the  present  technique. 

INTRODUCTION 

The  measurement  of  plasma  parameters,  particularly  the  plasma 
electron  density,  has  been  a  persistent  problem  in  the  plasma  diag¬ 
nostic  field.  Ever  since  the  plasma-induced  blackout  of  reentry 
telemetry  was  recognized,  the  importance  of  this  problem  has  in¬ 
creased.  Various  diagnostic  techniques,  such  as  Langmuir  probes, 
have  been  proposed  along  with  apectrographic  and  electrical  techniques. 

The  most  direct  approach  to  the  problem  has  involved  transmitting 
electrical  signals  through  a  plasma  mediia  and  observing  the  subsequent 
plasma-induced  attenuation  and  phase  shift.  From  a  theoretical  point 
of  view  this  scheme  should  work.  However,  it  is  difficult  to  imple¬ 
ment  experimentally  since  it  requires  the  signal  wavelengths  to  be 


232 


comparable  to  the  plasma  dimensions  and  assures  very  little  refraction 
and  reflection.  For  the  'usual  laboratory  plasma,  the  signal  frequencies 
are  restricted  to  the  X  hand  region  or  higher.  But  such  frequencies 
require  high  density  plasmas,  vhich  are  difficult  to  generate.  Further- 
tnoie,  high  density  placets  have  high  density  gradients,  vhich  lead  in 
turn  to  considerable  experimental  errors. 

The  diagnostic  scheme  presented  here  is  compatible  with  high  as 
veil  as  lov  density  plasmas  and  is  optimum  vith  respect  to  the  usual 
cylindrical  laboratory  plasma  geometry.  Furthermore,  since  the  basic 
diagnostic  apparatus  is  a  radial  transmission  line,  the  electrossgnetic 
wave  equations  for  the  diagnosing  signal  can  be  solved  exactly.  Urns, 
the  correlating  analysis,  vhile  not  simple,  is  capable  of  good  reso¬ 
lution.  The  usual  field  problems  connected  vith  fringing,  leakage,  and 
non-uniform  phase  fronts  are  minimized  because  of  the  geometry  of  the 
structure.  The  question  of  the  effect  of  non- uniformity  in  the  plasma 
on  this  measurement  technique  has  also  been  considered  and  appropriate 
compensations  can  be  made  for  it  in  many  cases. 

GENERAL  APPROACH 

This  diagnostic  technique  involves  the  correlation  of  the  impedance 
in  a  radial  transmission  line  vith  the  plasma  electron  density  and 
collision  frequency.  The  correlation  between  these  quantities  involves 
matching  the  boundary  conditions  of  the  electro-magnetic  fields  at  the 
plasma  air  interface  af  the  radial  transmission  line.  From  this  cor¬ 
relation  a  theoretical  plasma  Impedance  is  then  compared  vith  the  experi¬ 
mentally  measured  values,  providing  the  correlating  link  between  the 
measured  plasmc  impedance  and  the  plasma  electron  density  and  collision 


frequency. 
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EXPERIMENTAL  APPARATUS* 

The  experimental  aspects  of  this  diagnostic  scheme  best  illustrate 

the  underlying  features  of  the  technique.  The  implementation  of  this 

method  is  shown  in  Fig.  1.  A  radial  transmission  line  is  placed  around 

the  plasma  at  the  point  of  diagnosis.  The  device  is  equipped  with  a 

radially  calibrated  slot  and  probe,  connected  to  a  crystal  detector 

treasuring  the  VSWR  and  the  location  of  the  field  maxima  and  minima  of 

the  radial  line.  A  tuner  is  provided  for  the  probe  to  ensure  increased 

sensitivity  without  requiring  increased  power  from  the  signal  source. 

The  radial  line  is  excited  with  a  95 l  TEM  mode  by  a  gradually  tapered 

section  from  a  shallow  auxiliary  cavity  which  is  fed  from  six  loop  feeds 

as  shown  in  Fig.  2.  Sufficient  attenuation  is  placed  in  the  tapered 

section  to  make  certain  the  generator  wave  impedance  matches  the  wave 

characteristic  impedance  of  the  slotted  section. 

MEASUREMENT  OF  THE  EXJERBENEAL  PARAMETERS 

The  VSWR  and  the  location  of  the  field  maxima  and  minima  in  the 

radial  line,  as  in  uniform  transmission  lines  are  functions  of  the  line 

termination.  In  this  apparatus  the  termination  is  the  plasma  column. 

It  can  be  considered  in  the  electrical  sense  as  a  dielectric. 

While  such  a  termination  may  be  difficult  to  synthesize  in  terms  of 

lumped  parameters,  its  effect  on  the  radial  line  can  be  measured  in  the 

same  way  as  a  conventional  load. 

The  measurement  procedure  of  the  VSWR  and  the  location  of  the  field 
mmrtmft  and  on  a  radial  line  is  identical  to  that  on  a  uniform 

transmission  line,  such  as  a  coaxial  cable  or  waveguide.  The  interpre¬ 
tation  of  the  data  for  these  parameters  however  i*>  different.  In  this 

*The  experimental  apparatus  used  in  these  studies  was  conceived,  designed 
and  constructed  under  McDonnell’s  independent  research  and  development 
program.  All  patent  and  proprietary  rights  therein  are  retained  by- 
McDonnell  Aircraft  Corporation. 
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THEORETICAL  ASffiCTS 

To  correlate  the  experimental  data  vith  the  plas."®  parameters,  it 
is  necessary  to  match  the  experimentally  determined  impedance  on  the 
ratUal  line,  transformed  to  the  plasaa-air  interface,  vith  the  theo¬ 
retical  plasma  impedance  at  the  same  point.  The  schematic  represen¬ 
tation  of  the  fields  in  a  radial  transmission  line  terminated  by  a 
plasma  column  if  given  in  Fig.  5.  The  sense  of  the  EM  fields  shown 
correspond  to  a  TEM  mode  excitation.  This  excitation  vas  chosen  because 
it  greatly  simplifies  the  analysis.  The  experimental  apparatus  was 
optimized  to  minimize  the  effect  of  the  other  modes. 

First  the  analysis  will  he  performed  for  the  case  of  a  homogeneous 
plasma  load.  Next  a  non-uniform  plasma  termination  vill  he  considered. 
These  results  vill  then  be  compared  to  provide  an  upper  and  lover  bound 
on  the  electron  density  measurements  on  the  radial  transmission  line. 
HOMOGENEOUS  HASWk.  COLUMN 

The  plasma  wave  impedance  equals  the  air  wave  impedance  at  the  plasma- 
air  interface.  If  the  wave  impedance  on  the  non-plasma  side  of  the  in¬ 
terface  is  chosen,  the  expression  has  to  include  the  reflections  at  the 
interface,  considerably  complicating  the  expression.  On  the  other  side 
of  the  interface  the  reflection  terms  drop  out.  The  resulting  wave  im¬ 
pedance  expression  is  just  the  ratio  of  the  electric  and  magnetic  fields 
in  the  plasma.  The  electromagnetic  fields  in  the  plasma  can  be  deter¬ 
mined  from  Maxwell's  equations  vith  the  appropriate  .boundary  conditions. 
Maxwell's  equations  in  a  complex  dielectric  mediixa  assuming  sinusoidal 
time  variations  are2' 3. 

VxH-D  +  l-(j<ai0cr-*-c)E  (1) 

V  «  E  .  -  (i0  H  (2) 
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where  k  is  the  complex  propagation  constant  in  the  plasma  column, 
given  by 

k^  »  (i0(  —  i 


(10) 


Ihe  parameters  6  and  V  are  the  permittivity  »nri  conductivity  of 

the  plasma,  respectively*  For  a  homogeneous  plasma  t  and  Cr  are  defined 

as 


€  * 


(11) 


(12) 


The  solution  of  Equation  9  gives  the  electric  field  inside  the  plassa 
column  in  terms  of  the  zeroth  order  Bessel  function  with  a  complex 
argument 

Ez  =  A'  J0«kr) 


where  A  is  an  arbitrary  parameter  which  will  drop  out.  Substituting 
Equation  13  into  Equation  2  gives  the  magnetic  field  intensity  within 
the  plassa  as 


H 


* 


ikA' 

"Ao 


J I  ( kr) 


(14) 


The  wave  impedance  on  the  plassa  side  cf  the  interface  is  given  by  the 
ratio  of  the  electric  and  magnetic  fields: 


jop0  /i0(kR)\ 
k  \Ji(  kR)/ 


(15) 


The  complex  argunent,  kR,  of  che  zero  end  first  order  Bessel  functions 


is  related  to  the  plasma  parameters  in  the  following  way, 

k  .  |-2(l  -  £j)  *  (Jj- )  }*  '“*  *  *i  •»  ** 


where 


J  -1  i  /  “p2*  \ 

4>  -  ——  tan  *  (  - I 

2  \a,(a,2  +  ,2_ 


Thus  the  plasma  impedance  reduces  to  a  complex  function  of  V  and 
represented  mathematically  as 

Z»U  (cKp-,  v)  +  j  V  (tUp!  »>) 


(16) 


(17) 


(18) 


where  U  and  V  are  real  functions  of  tUp  and  v  •  The  rf  frequency,  u)  ,  is 
not  included  in  the  functional  notation  above  because  the  radial  line  is 
operated  at  constant  frequency  for  each  a*t  of  experiments.  The  numeri¬ 
cal  evaluation  of  Equation  18  was  done  by  a  caaputer  program. 


NON-HOMOGENEOUS  PIASMA.  COLUMN 

The  previous  analysis  assumed  that  the  plasma  was  uniform  throughout. 
While  this  approach  is  often  Justifiable  for  low  anC  _*dium  density  dif¬ 
fusion  plasmas,  it  neglects  the  effect  of  the  vails  of  the  plasma  con¬ 
tainer  on  the  electron  density.  If  this  effect  is  taken  into  account, 
then  the  plasma  will  be  nun- uniform.  The  effect  of  non-uniformity  in 
the  plasma  on  the  electron  density  measured  by  the  ^recent  technique 
will  now  be  discussed. 

In  general,  the  electron  density  in  a  cylindrical  plasma  is  maximum 
at  the  center  and  zero  at  the  walls.  The  rate  at  which  the  electron 
density  drops  off  from  its  maximum  value  is  impossible  to  predict  in 
general.  Hcrwver,  for  diffusion  plasmas  where  the  diffusion  coefficient 
is  constant  throughout  a  cylindrical  geometry,  the  zeroth  order  Bessel 
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function,  JQ  (2.405  r) ,  has  been  found  to  describe  the  non-homogeneity 

X 

in  electron  density5'  .  This  electron  distribution  is  given^f}  Fig.  6. 

In  order  to  simplify  the  analysis,  a  parabolic  distribution  (Fig.  6)  was 
chosen  instead  of  the  Bessel  function.  A  comparison  of  these  two  curves 
shows  that  the  former  closely  approximates  the  Bessel  function.  Further¬ 
more,  both  functions  satisfy  the  boundary  condition  at  the  walls  of  the 
plasma  container. 

The  analysis  for  this  case  with  a  non-homogeneous  plasma  is  similar 
to  the  foregoing  case  with  a  homogeneous  plasma.  For  this  case  the 
(fefining  equation  for  the  plasma  frequency  is 


,  -  5.63  x  104 


where  N0  is  the  maximum  electron  density  at  the  center  of  the  plasma 
column;  R  is  the  radius  of  the  plasma  column.  Thus  the  dielectric  con¬ 
stant  and  the  conductivity  of  the  plasma,  Equations  11  and  12,  respectively 


become: 


"O2*'  /,  r2  \ 

'°  v2  +  <u2  \  R2/ 


6>0  «  5.63  x  104  /N0 

Using  these  modified  expressions  for  6  and  <r  in  the  complex  propagation 
constant  k  (Eq>  10),  the  differential  equation  giving  the  electric  field 


This  equation  is  of  the  second  older  having  two  possible  solutions. 

Since  the  roots  of  the  indicial  equation  are  both  zero,  the  two  solutions 
have  the  fora 


EZ1-E  '  C0  *  0 

1  n  -  0 


(22j 


J*2 


■E 

k-0 


+  (constant)  E-,  In  r 
Z1 


(22 


where  the  C's  are  found  by  substitution  of  these  series  solutions  into 
Equation  21.  The  second  solution  is  singular  at  r  -  0,  and  thus  physi¬ 
cally  inadmissible.  Substituting  the  first  solution  into  Equation  21 
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Equating  coefficients  of  like  pover,  the  following  recursion  relation¬ 
ships  are  obtained 


C0  «  arbitrary 

“2I;*|(t)2-a!  -°  •"■2  ,24’ 


Cn-2  A  cn-4 
C0  +R2  Cd 


-  0.  n-4,6.8 


Note  since  all  Cn's  with  odd  numbered  subscripts  are  zero,  it  is  con¬ 
venient  for  the  latter  calculations  to  redefine  the  coefficient  in  the 
recursion  relationships  as 


Cn 

C0 


a2n  +  i  b2n 


(25) 


Rewriting  Equation  24  using  the  previous  definition  and  equating  the  real 
and  imaginary  parts  to  zero  gives 

a0-l  b0“° 

-  D  F 

a2  -  f-  b2--L  (26) 

16a4  +  Da2  +  Fb2  «  G  ■  0 
16b4  —  Fa2  +  Db2  +  L  -  0 

4  n2a2n  +  Da2(n_j)  +  Ga2(n_2)  +  Fb2(n_i)  -  0,  n>3 

4  n2b2n  -  F®2(n_1)  +  Db2(n-1)  +  La2(n-2) ♦  Gb2(n-2)  -  0 
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where 


r). 

The  previous  equations  determine  the  coefficients  of  the  series 
solution  of  the  electric  field.  Thus 


Ef1  +  S  82nr2n  +  i£  b2nr 

n  -  1  n  - 1 


2n 


(28) 


Substituting  Equation  28  into  Equation  2  giveB  the  magnetic  intensity 
vi  thin  the  plasma  as 


n=»  I  F 


(“l 


(29) 


The  wave  impedance  on  the  plasma  side  of  the  Interface  is  given  by  the 
ratio  of  the  electric  and  magnetic  fields. 


Ez  .  afi 

“J*  "  ’  ^ 


1+2  a2nr2n  +  j£  b2nr2n 

n»  1  n -  1 

£na2nr2-l.it;nb2nr2n-l 
n-1  n-1 


(30) 


Rationalizing  Equation  30,  the  real  and  Imaginary  parts  of  the  plasma 
impedance  for  a  non-uniform  plasma  are  respectively, 

Sr 


mp/P  QVl-UlVo\ 

2  \  vc2  +  Vi2  / 
„  /UqVq  +  ^iN 

2  \  V02  +  Vl2  / 


Ola) 


(31b) 
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U0-1+2  °2nr2n 

r.  - 1 


ul"  S  b2nf5 
n  « 1 


Vo-S  na2nr2"-1 

HTl 


Vl-Enb2nr2n_1  (32d) 

n  - 1 

The  previously  deduced  expressions  were  calculated  for  a  vide  range  of 
plasma  parameters  using  an  IBM  program. 

EVALUATION  OF  THE  FIASMA  IMPEDANCE 

The  foregoing  equations  for  the  plasma  impedance.  Equations  15  and  31 
for  a  uniform  and  a  non-unifora  plasma,  respectively,  were  evaluated  by  a 
computer  since  the  exact  relationship  between  the  plasma  parameters  and 
the  plasma  impedance  is  too  involved  to  be  expressed  as  an  explicit 
function.  Two  IBM  programs  were  developed  to  calculate  the  plasma  im¬ 
pedance  for  the  anticipated  plasma  parameters.  Plasma  electron  densities 
of  10*°  to  10*5cm“3  ani  collision  frequencies  of  10®  to  6  x  10*3  sec"* 
were  chosen.  The  computed  results  are  plotted  on  the  Smith  chart  given 
in  Figs.  7  and  8.  The  plots  are  normalized  to  the  real  part  of  the 
characteristic  impedance  of  the  radial  transmission1  line  at  the  plasma- 
air  interface  (I32  ohms).  The  various  plasma  parameters  plotted  corres¬ 
pond  to  constant  collision  frequency  and  electron  density  lines. 
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plasma  frequency,  then  the  impedance  measured  will  contain  no  resistive 
part  but  vi'  l  be  a  pure  capacitive  susceptance,  which  correspoois  to  a 
very  high  VSffi  reading  on  the  radial  line.  The  resolution  of  the  Qaith 
Chart,  however,  decresses  rapidly  at  high  VSWR  radii.  Therefore,  the 
excitation  frequency  Bust  be  equal  to  or  lover  than  the  plasma  frequency. 
As  the  excitation  frequency  la  lowered,  the  dimensions  of  the  radial  line 
oust  be  comparably  increased,  in  order  to  enable  meaningful  VSWR  measure¬ 
ments  to  be  made.  Thus,  the  lover  limit  of  the  electron  density  capable 
of  resolution  with  this  method  is  set  by  the  maximal  physical  dimensions 
of  the  radial  line  that  can  bf  accommodated  and  the  uniformity  of  the 
plasma  in  axial  direction. 

exfersertal  results 

Evaluation  testa  were  performed  on  the  diagnostic  apparatus  using 
four  known  solid  dielectrics  as  loads  for  the  radial  transmission  line. 
For  this  purpose  dielectrics  with  dielectric  constants  of  2.1,  k,  9,  and 
19  were  used.  The  dielectric  loads  tested  were  one  inch  in  diameter. 

The  vave  impedance  of  these  dielectrics  was  measured.  From  the  measured 
wave  impedance,  the  dielectric  constants  of  the  loads  were  determined. 
These  results  were  then  compared  vith  the  dielectric  constant  in  the 
manufacturer's  specifications.  This  comparison  la  shown  in  Fig.  9*  The 
results  show  that  at  higher  dielectric  constants  the  error  between  the 
experimental  and  specified  values  is  less  than  10)1  which  would  indicate 
an  error  in  electron  density  of  approximately  the  same  amount. 

Sext  a  series  of  tests  vere  performed  on  a  mmtber  of  seeded  and 
unseeded  plasmas  under  varisd  flow  and  pressure  conditions.  A  represen¬ 
tative  sampling  of  these  measurements  is  summ-ised  in  Table  1.  All 
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If  the  plasic.  load  la  the  radial  transmission  line  i*  naif  ora.  then 
the  electron  density  is  interpreted  frca  Fig.  7.  If  the  plaaa  is  non- 
uniform,  with  the  electron  density  profile  given  in  Fig.  6,  then  the  ex¬ 
perimental  results  are  interpreted  frca  Fig.  8.  Thus,  for  a  given  impe¬ 
dance,  measured  on  the  radial  transmission  line,  two  electron  density 
correlations  can  be  obtained.  At  low  electron  densities  ^  «  lO^cn-S, 
the  average  electron  density  of  the  non-^nifors:  distribution  K0  (using 
Fig.  8)  is  approximately  1.33  times  as  high  as  the  density  of  the  uniform 
plasma.  It.,  (using  Fig.  7).  The  ratio  between  Ha  and  increases  con¬ 
tinuously,  until  at  «  10^ca'3,  gQ  •  3.33  Hns  change  in  the  .  atio 
N0/Kg  is  to  be  expected  since  at  high  electron  densities  the  effect  of 
any  non-uniformity  In  the  plasma  becomes  important.  It  should  be  noted 
that  the  constant  collision  frequency  lines  on  the  impedance  plots  are 
not  noticeably  altered  by  the  change  at  the  plasma  density  profile. 

It  nay  seem  tfaet  this  method  of  interpreting  the  experimental  data 
is  ambiguous*  In  reality  by  having  considered  these  two  limiting  cases 
for  the  electron  density  profile,  this  method  is  capable  of  yielding 
upper  and  lower  limits  for  the  electron  densities  measured. 

Has  usefulness  of  the  plasma  impedance  plots  (Figs.  7  and  8}  is 
limited  to  electron  densities  in  excess  of  lQ^*cia“3.  This  electron 
density  corresponds  to  a  plasma  frequency  which  is  identical  to  the 
excitation  frequency  of  the  uhf  radial  line  (i.e.,  960  M:/3ec).  For  lower 
electron  densities  it  ic  necessary  to  use  a  lower  frequency  to  drive  the 
radial  line  to  obtain  meaningful  results.  !&i*  requirement  arises  fraes 
tne  fact  that,  if  the  dlagsoeing  signal's  frequency  is  greater  than  the 
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measurements  were  Bade  oa  a  radio  frequency  plasma  of  oae  inch  diameter. 
The  exciting  frequency  of  the  radio  frequency  generator  wao  1  Vk  and  the 
rf  power  to  the  plasaa  was  10  kW. 

When  using  argon >  the  electron  density  vas  aeasured  using  the  radial 
transmission  line  method  and  epectrographically.  A  three  Meter  Baird- 
Ataoic  grating  spectrograph  was  focused  on  a  point  in  the  center  of  the 
plasma  imed  lately  above  the  redial  line*  Because  the  transition  proba¬ 
bilities  of  argon  are  readily  available  and  relatively  unambiguous,  an 
accurate  check  vas  obtained.  All  electron  densities  Measured  using  the 
radial  line  yere  approximately  20£  lover  than  those  Measured  spectro¬ 
scopically.  The  spectrograph  vas  not  used  to  check  the  electron  density, 
using  an  air  plasm  because  of  the  great  difficulty  in  reducing  the  data. 
However,  the  radial  transmission  line  technique  should  not  be  affected  by 
the  type  of  gas  used  in  the  plasm. 

cojctueioKs 

The  radial  line  technique  for  Measuring  the  electron  density  and 
collision  frequency  of  laboratory  plashes  has  the  following  diagnostic 
characteristics: 

*  It  is  applicable  to  both  high  and  lov  density  plasmas; 

*  It  can  he  adapted  to  uniform  as  well  as  non-uniform  plasmas; 

*  It  minimises  the  customary  difficulties  with  microwave  Measure¬ 
ments  of  a  plasma,  such  aa  non-uniform  phase  fronts,  refraction 
and  reflection,  and  other  field  anomalies; 

*  It  gave  results  on  seeded  and  unseeded  plasmas  which  were  found 
to  be  consistent  with  spectrographic  measurements  sad  thermo¬ 
dynamic  partition  function  calculations. 


Tcbft  1  PrtiialRory  seeding  experiments 


Gas 

Seed  arc* 

Power  into 
water  jacket 
(k*) 

f.  i*e« 
pressure 
(♦err) 

Seed  ant 
How 

(cr.Veift) 

Gas  flow 
(lb/tec) 

Weight  seed an i 

Collision 

frequency 

(»»c-l) 

Electron 

concentration 

(electroni/cm3) 

Weight  gas 

Alt 

Water 

2.9 

0.31 

6.3*  10“’ 

7.7  «  10“* 

1.2  x  10“2 

5.9  x  !09 

U  X  1o'° 

3.0 

0.31 

0.1*  10“J 

7.7  x  I0“S 

0.2  *  10“2 

54  x  10' 

'3*10° 

3.1 

0.31 

0.5  x  10“! 

7.7  *  10“f 

24  *  10“2 

5.5x10’ 

11  x  10 ° 

2.9 

0.30 

1.0*  10“' 

7.7  x  10“* 

4.8  x  10“2 

5.0  x  10’ 

94  *  10  ° 

2.9 
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general  approach 


Fig.  4  Radial  transmission  line  calculator 
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N»  «  Election  density 


Fig.  7  Radial  wave  impedance  for  a  uniform  plasma 
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Fig.  8  Radiol  wave  impedance  for  a  non-unifor?:.  plosmo 
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IX.  REFLECTOMETER  MEASUREMENT  OF  THE  PLASMA 
SHEATH  ENCOUNTERED  DURING  THE 
PROJECT  ASSET  FLIGHTS 


R.  J.  Plugge 

ElectroScience  Laboratory 
{formerly  Antenna  Laboratory) 
Department  of  Electrical  Engineering 
The  Ohio  State  University 
Columbus,  Ohio 


ABSTRACT 


The  input  impedance  of  an  antenna  was  measured  thoughout  two 
flights  of  a  hypersonic  glide  reentry  vehicle,  a  VHF  antenna  in  one  case, 
and  an  X-band  antenna  in  the  Other  case.  These  data  and  a  qualitative 
discussion  of  their  time  history  are  presented  here. 
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INTRODUCTION 

The  Asset  vehicle  is  a  hypersonic  lifting  re-entry  vehicle  designed 
to  obtain  basic  aerodynamic,  thermodynamic,  and  structural  test  data, 

A  secondary  ofejactive  of  its  flights  was  an  evaluation  of  the  effects  of 
the  plasma  sheath  on  radio  communication  links  between  the  vehicle 
and  ground.  The  on-board  measurement  of  the  plasma  effects  was 
limited  to  a  continuous  impedance  measurement  of  one  antenna  per 
vehicle.  Data  from  two  flights  v.  different  trajectories  are  shown 
here.  One  set  of  data  was  obtained  from  a  VHF  antenna,  the  other 
from  an  X-band  antenna.  * 

This  reflectometer  experiment  was  conducted  to  determine  the 
amount  of  mismatch  introduced  into  the  rf  systems  by  the  presence  of 
the  plasma  sheath.  As  a  secondary  purpose,  it  was  hoped  that  the 


•  The  data  on  which  this  paper  is  based  were  furnished  to  this  lsfcoratory 
in  the  form  of  analog  plots  reduced  from  the  original  teler  ;try  data. 

For  some  of  the  measured  variables,  several  apparently  inconsistent 
reductions  were  received.  The  reasons  for  the  inconsistencies  have 
not  been  fully  resolved.  Since  the  reflectoroeter  was  flown  as  an  "add¬ 
on"  experiment  on  a  vehicle  with  a  different  primary  mission,  the 
antenna  location  was  severely  constrained.  The  chosen  location  made 
predictions  of  flow  field  conditions  extremely  difficult,  so  that  it  was 
almost  impossible  to  determine  what  the  reflectometer  should  have  seen 
from  theoretical  considerations.  The  conclusions  to  be  drawn  :rom  this 
experiment  are  therefore  mostly  of  a  q  -alitative  nature.  The  present 
paper  should  be  taken  as  a  demonstration  of  the  power  of  antenna 
measurements  for  the  indication  of  flight  conditions  rather  than  as  an 
accurate  determination  of  the  conditions  of  these  particular  flights. 
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effectiveness  of  antenna  impedance  measurements  in  providing  vehicle 
flow  field  information  would  be  demonstrated. 

The  plasma  environment  encountered  duting  these  flights  caused 
impedance  changes  which  appeared  primarily  as  variations  of  the  phase 
angle  of  the  reflection  coefficient.  Thus,  these  results  indicated 
relatively  small  reflection  loss  changes  due  to  the  plasma.  The  small 
reflection  loss  variation  may  be  due  to  the  particular  VHP  antenna 
used,  which  was  mis -matched  to  the  transmission  line,  or  due  to  the 
fa<-*  that  the  plasma  was  of  a  relatively  low  density  durin®  the  X-band 
measurement.  Another  possibility  is  that  the  denser  plasma  was 
located,  for  the  most  part,  away  iron.  ;he  anteAfnft  apertures.  How¬ 
ever,  these  results  have  shown  that  the  reflection  coefficient  phase 
angle  was  still  responsive  io  changes  in  the  rf  environment  of  the 
antenna,  inducing  the  presence  of  the  plasma  sheath.  This  is  taken 
to  indicate  that  with  suitable  design  and  placement  of  the  antennas?; 
reflectometers  can  be  useful  tools  for  investigating  plh.?rna  fiow 
characteristics  as  well  as  the  radio  communication  problems  en¬ 
countered  during  hypersonic  flight, 

A  single  impedance  measurement  determines  values  for  only 
two  variables.  A  vehicle's  plasma  sheath  environment  presents 
many  more  variables  which  affect  the  antenna  impedance.  Thus 
the  main  diagnostic  value  of  impedance  data  from  a  single  reflec- 
tometer  is  to  support  or  reject  plasma  sheath  models  proposed  on 
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the  basis  of  aerodynamic  knowledge.  Since  the  plasma  studies  were  a 
secondary  objective  of  these  flights,  the  communication  links  into 
which  the  rcflectometers  were  inserted  were  not  optimum  for  deducing 
plasma  characteristics  from  impedance  measurements.  In  particular, 
the  VHF  antenna  was  not  readily  amenable  to  theoretical  analysis  and 
both  antennas  were  located  at  points  on  the  vehicle  where  aerodynamic 
flow  fields  could  not  be  accurately  predicted.  Therefore,  because  of 
the  complexity  of  the  aerodynamic  and  electromagnetic  problems 
associated  with  this  particular  experiment  no  numerical  results  for 
I. he  plasma  parameters  themselves  were  expected.  Thus  the  data 
obtained  are  primarily  of  qualitative  va—e,  providing  a  demonstration 
of  the  responsiveness  of  these  antennas  to  their  environment. 

EXPERIMENT  DESCRIPTION 

The  shape  of  the  vehicle  and  the  antenna  locations  on  its  right 
flank  are  indicated  in  Fig.  1.  It  is  apparent  that  the  vehicle  wing  will 
greatly  influence  both  the  EM  field  and  air  flow  in  the  vicinity  of  the 
antenna. 

Both  antennas  were  essentially  linearly  polarized,  with  the 
polarization  parallel  to  the  roll  axis  of  the  vehicle. 

The  VHF  antenna[  l]  was  a  dielectric-loaded,  cavity-backed, 
U-slot  that  was  quite  temperature  sensitive.  On  the  basis  of  the 
pre -flight  temperature  predictions  and  laboratory  measurements  of 


the  antenna,  the  antenna  had  been  d-'-tuned  to  approximately  a  12,  4:1 
VSWR  prior  to  launch  in  the  expectation  that  it  would  tune  itself  as  a 
result  of  heating  during  the  flight.  However,  it  did  not  tune  as  much 
as  expected.  The  X-band  antennafl]  was  an  open-ended  waveguide 
with  a  dielectric  window. 

The  reflectometers  were  of  a  four-probe  type  [2]  which  provide 
both  phase  and  amplitude  data.  The  output  data  from  the  reflectometcr 
are  in  the  form  of  two  voltages  (Vi  and  Vi).  These  voltages  are  the 
rectangular  components  of  the  reflection  coefficient  with  reference  to 
an  arbitrary  voltage  plane  (V-plane) .  When  this  V -plane  is  properly 
rotated  for  phase  orientation,  it  is  directly  proportional  to  the 
reflection  coefficient  plane  defined  by  Tr,  Tj,  or  |rj,  /V ,  the 
rectangular  or  polar  coordinates  of  the  Smith  Chart. 

The  effective  telemetry  systems  into  which  the  reflectometers 
were  inserted  are  shown  in  Fig.  2,  These  were  conceptually  the 
same  for  both  frequencies  except  that  the  X-band  transmitter  was 
isolated  from  the  antenna,  whereas  the  VHF  transmitter  was  not. 

This,  of  course,  necessitated  more  calibration  of  the  VHF  system 
and  increased  its  liability  to  error.  Known  loads  were  used  to 
establish  the  loading  effects  on  the  VHF  transmitter  and  the  resulting 
reflectometcr  outputs.  However,  some  variations  seen  in  both  the 
VHF  and  X-band  data  are  presently  unexplained  and  thus  may  indicate 
possible  sources  of  error  in  the  experimental  system  not  accounted  for 
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during  calibration.  The  reader  is  therefore  cautioned  to  accept  these 
data  as  a  demonstration  of  the  sensitivity  of  antenna  impedance  meas¬ 
urements  rather  than  as  a  Necessarily  accurate  determination  of  the 
conditions  during  these  particular  flights. 

The  VHF  communication  link  sampled  was  "blacked  out"  by  the 
plasma  sheath  during  a  portion  of  the  trajectory.  Thus,  the  refiec- 
tometer  data  in  both  cases  were  telemetered  via  the  X-band  system 
or  by  delayed  (tape)  playback  via  the  VHF  system. 

REFLECTOMETER  DATA 

The  variations  in  the  reflectometer  data  were  primarily  co.  .lined 
in  one  of  the  two  output  voltages  on  both  flights.  Thus,  the  variation  of 
the  reflection  coefficient  vs  t,  the  time  from  launch,  can  be  pictured 
qualitatively  with  the  time  history  of  only  one  voltage  parameter. 

These  are  shown  for  the  VHF  and  X-band  antennas  in  Figs.  3  and  4, 
respectively. 

The  second  voltage  parameter  ojf  the  VHF  data  remained  at  a 
nearly  constant,  relatively  large  value  (-1,45)  through  the  period 
where  plasma  induced  effects  were  seen.  Thus  the  impedance  vari¬ 
ations  of  the  VHF  antenna  during  this  period  were  seen  to  be  contained 
predominantly  in  phase  angle  variations  which  closely  follow  the 


curve  in  Fig.  3. 
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The  reduc-  3  impedar-  -3,.a  :  »  '  ''-band  antenna  are  shewn 
in.  Fig,  5,  The  Smith  Chart  is  normalized  lo  the  TE,f  0  wave 
impedance  of  the  waveguide  and  the  data  are  phase-referenced  to  the 
aperture  of  the  antenna.  The  effects  of  the  plasma  sheath  on  the 
impedance  of  this  antenna  are  also  primarily  eeen  in  the  changing 
phase  angle  of  the  reflection  coefficient.  In  Fig,  5  there  is  a  point 
indicating  the  impedance  seen  when  a  short  circuit  (aluminum  foil) 
was  placed  at  the  vehicle  skin.  The  data  in  Fig.  5  have  not  been 
corrected  for  the  line  loss  from  the  reflectometer  to  the  antenna 

I 

aperture  which  is  apparent  in  this  short-circuit  reference  reading. 

The  X-band  data  is  also  shown  plotted  on  the  voltage  plane  in 
which  it  was  measured  in  Fig.  6.  The  data  points  plotted  in  Fig.  6 
and  labeled  250+  through  600  are  the  average  values  determined  by 
drawing  a  smooth  curve  through  the  impedance  variations.  The 
actual  data  points  in  the  Vlf  V2  plane  are  shown  in  the  inset.  This 
inset  and  the  V2  trace  shown  in  Fig.  4  illustrate  that  the  actual  antenna 
impedance  measured  oscillated  from  point  250  to  approximately  point 
605  about  the  average  values  shown. 

The  point  identification  in  these  figures  is  the  flight  time  in 
seconds. 

Both  the  VHF  and  X-band  data  can  be  broken  down  into  time 
points  and  periods  which  are  of  interest.  A  qualitative  explanation 
of  the  time  history  of  the  antenna  impedance  follows. 


THE  VHF  DATA 


The  slow  change  in  impedance  which  occurred  from  lift  oil  to 
t  =  }60  sec  is  at  present  unexplained.  It  could  have  been  caused  by 
an  antenna  temperature  change,  a  change  in  the  transmitter  charac¬ 
teristics,  or  by  drift  in  some  part  of  the  vehicle  or  data  receiving 
systems.  No  other  support  for  any  explanation  has  so  far  been 
found. 

Plasma  induced  variations  of  the  impedance  were  observed 
from  approximately  162  <  t  <  320s.  The  vehicle  angle  of  attack  (o) 
was  changed  during  a  period  prior  to  180s  in  prej-a?  ition  for  the 
glide  phase  of  the  flight.  Deviation  from  free -space  Impedance 
conditions  is  noted  to  have  begun  at  t  —  l62s.when  u-  w  s  slightly 
negative.  The  impedance  continued  to  vary  until  t  ac.  During 

the  glide  phase  of  the  flight  a  was  approximately  38*. 

The  impedance  shows  a  relatively  large  phase  change  caused 
by  the  plasma  when  the  angle  of  attack  passed  through  zero  degrees. 
It  is  also  seen  that  a6  the  angle  of  attack  continued  to  increac<',  the 
impedance  returned  to  nearly  its  free-space  value  before  agair 
indicating  a  phase  variation.  The  rapid  variation  between  178  and 
18Cs  indicates  the  increasing  effects  of  the  dense  plasma  originating 
on  the  bottom  of  the  vehicle  at  the  higher  angle?  of  attack. 

It  is  interesting  to  note  that  the  signal  strength  data[3]  showed 
a  similar  variation  of  the  attenuation  vs  angle  of  attack  during  this 


period.  This  signal  strength  variation  has  been  seen{3]  to  indicate 
that  plasma  formed  at  the  vehicle  nose  flowed  first  along  the  top  of 
the  wing  past  the  antenna  aperture  at  o  2.  0*  end  then  that  it  flowed 
above  the  antenna  reducing  the  attenuation  as  the  angle  of  .attack 
increased.  It  also  indicated  that  as  the  angle  of  attack  continued 
to  increase  the  dense  plasma  originating  on  the  bottom  of  the  vehicle 
flowed  into  the  field  of  view  of  the  antenna. 

The  "spike"  in  the  data  at  170.  8s  agrees.wifh  the  time  of  retro 
fire  and  thus  is  attributed  to  reflection  from  the  rei.ro  flame. 

During  the  period  180  <  t  <  216  £  large  positive  angle  of  attack 
and  dense  plasma  existed.  Throughout  this  period  the  antenna  "looked1 
at  a  dense  "sheet"  of  plasma  approximately  at  the  wing  .edge.  The 
plasma  sheath  also  extended  somewhat  "upward"  from  the  rear  edge 
of  the  wing.  Over  the  wing  only  a  sparse,  inhomogeneous  plasma 
existed.  The  impedance  seen  during  this  30-second  period  was 
essentially  constant. 

The  inhomogeneous  plasma  over  the  wing,  the  oense  plasma 
along  the  wing  edge  (side  and  back) ,  the  yehicle  side,  and  the  wing 
top  are  believed  to  have  formed  a  type  of  trough  waveguide  during 
the  time  period  160  <  t  <  Zl6s.  This  trough  would  have  redirected 
energy  toward  the  top-rear  of  the  vehicle.  Thj  trough  and  the 
direction  of  EM  energy  flow  aae  illustrated  on  the  right  sjde  of 
Fig.  7,  The  impedance  seen  during  this  period  would  thus  have 


resulted  from  the  aperture  coupling  of  the  energy  from  the  antenna 
•into  the  trough  waveguide  .mode. 

A  trough  -waveguide  structure  appropriate-  for  the  geometry  of 
Fig.  7  has  been  investigated^].  The  .combination  of  the  angle  sub¬ 
tended  by  the -vehicle  flank  and  the  plasma  sheath,  the  approximate 
plasma  .densities  .calculated  for  this  flight  -period,  and  the  operating 
frequency -were  seen  to  be  sufficient  to  allow  dominant  mode  propa¬ 
gation  in  this  assumed  trough  waveguide  .model,  it  is  hoped  that  the 
validity  of  this  trough-waveguide  model  will  be  substantiated  by 
Further  analysis  of  the  ..data. 

During  the  time  span  21<6  <  -t  -<  320s  a  gradual  change  .in -the 
antenna  impedance  was  measured,  caused  by  the -decrease  ;ii.;the 
plasma  .density  resulting  From  the --vehicle  -.trajectory.  By -the  end 
of  this  period  the-plasma  .density  in  the  vicinity  of  -the  ar.tenna  had 
dropped  to  thepointwhere  itwas  no  longer  observable. 

With  the  .antenna  again  "seeing"  Free  space,  thr  impedance 
data -indicate  :a  reduced  VSWjR  and  a  phase  change  from  that  seen 
at  l60s.  This  resulted  from  the  heating  of  the  antenna  which  had 
occurred. 


THE  X-BAND  DATA 


The  X-band  data  are  shc'vn  in  Tigs,  'i,  5,  and  6.  'It  was  noted 
•that  impedance  changes  occurred  both  before  and  alter  the  period 
in  which  plasma  effects  were  expected. 

At  lift-off  the  antenna  was  only  slightly  mis-matched  te-free 
space.  During  the  period  103  <t<  ;1 17s  a  change  in  the  reflection 
coefficient-was -noted.  Jt  was  at -first  suspected -that  this -might -have 
been  due  to  condensation  .in  the  air -flow  adjacent-to-the  antenna. 
Howev.er,  this  is  considered  unlikely  at-tha -present-time.  .Another 
unexplained  impedance  variation  .occurred  arapprcximately  7805. 

3oth  these  -variations  occurred. at  similar  supersonic  -..flight -con¬ 
ditions. 

Vehicle  sepa  ration  and  -the  beginning  of  the  -.glide:phase  occurred 
at:217. 8s.  The.angle-of-attack:trausition  ended;by  T?8s.  This 
-.vehicle  also  glided -with .-a  -38*  angle  of  .attack.  The -impedance  .meas¬ 
ured  was  .approximately  constant  from  ;2.19s  -<  -t  --<  ;250s. 

The  trajectory  and. attitude  data  do  not  indicate. any  reason  -for 
believing  that -.the  imp.edance  should  -have  changed  -at  t  =  "250s.  The 
.cause  of -the  -small  phase  angle  variations  .beginning  at  ."250s  -is 
unknown.  There  ;is  jnsufficient  c.alibrationinformation  available  to 
remove  the  possibility  of -higher  order -mode  contributions -in -the 
antenna  window  as -it -was  heated.  Also,  a  .subliming  ablative -.material 
existed  on  the  top  of  the  wing.  A  corner  of -this -material,  -upstream 
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fronvthis  antenna -aperture  uuring-the  glide-phase,  is  known  to  have 
peeled  .off  and -projected  into -the  .air  stream  at  some  point  during  the 
.flight.  This  may  >iave  occurred  here  and -produced  ablation  products 
-which  affected-the  antenna -impedance. 

The  .-npedance  variations  are  also  noted  tn-have  continued  long 
;afte.r -plasma -reflection  induced- variations  would  have-been  expected. 

SUMMARY 

The  -reflectometer -data  have  -shown-.that-the  input  impedance  of 
-.the:aiitenna-.is  -sensitive -to -.the  density  and -.position  ofrthe -plasma  sheath 
formedrduring-re-entry.  Jn.additionthedatabive  shown -impedance 
-sensitiyity-tostheraerbdynamic  .flow -.field  characteristics  andtto 
antenna  -temperature,  the  latterbeing;a  side -effect-due  to  the  char- 
acteristics  of -the  ^particular  -antenna  .flown.  When  specifically 
deaigned-for-the-purpose,  an.antennarand-refiectometer -system  can 
-bea  useful  tool-for-the  study. of  both-.theraerodynamic  -flow-field -and 
-radio. communications  -in -hypersonic  ilight,  :particuiarly  when  used 
-.in. conjunction  .with  other  -recorded;flight-.data.  The  results  obtained 
Srom. these -flights  have  -prompted-the  study  of. -a -number  of  .theoretical 
-problems  -in-this  .connection. 


. . .  ,wiiiiiiiiiiiWiiiiii!;i;u3iii!iti!iiiiiiiK:,ii;:iiiiiiiii:!iii.i;iiiii;iiii'^ 
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X.  PLASMA  SHEATH  SEDUCTION  BY  LL2CSLON  ATlACHhSHT  PROCESSES 

A. I.  Carswell  and  C.  EioLird 

S.CA  Victor  Costpanj,  Ltd* 
iskesroh  Laboratories 
Montreal,  Canada 


ABSTRACT 

tea  proeising  technique  for  inducing  the  plaaaa  sheath  ourroiading  a 
re-entry  aahicxa  inrolYes  the  use  of  electronegative  additives  to  "quench" 
the  plaaaa  by  the  prooess  of  electron  attachment.  Because  .of  ita  very 
A1&  oioaa-aeotioB  for  elaotron  ettaobeent,  sulfur  hexafluoride  (S?«) 
presents  itself  an  a  suitable  material  for  plaaaa  quenching  and 
aaaauraaenta  .on  euperaonio  argon  plaaaaa  have  served  to  support  this. 
Because  of  -.the  .additional  ooapleari  ties  of  the  possible  reactions  occurring 
in  air  plaaaaa  seeded  with  electronegative  gases,  a  laboratory  experimental 
•tody  of  suc-i  syateas  has  been  undertaken.  This  paper  presents  recent 
findings  on  a  todies  of  nitrogen  plaaaa  flow  systsna  which  are  .aaadad  with 
ST«,  HO,  04,  CO,  and  WO.  The  apparatus  developed for  these  studies  ■'* 
described  end  aeaeureaente  at  flow  velocities  up  to  .about  104  ow/eeo  .and 
for  pressures  between  about  0.5  and  10  Torr  are  reported.  The  properties 
of  the  seeded  afterglow  pi  feats  are  examined  using  electrical  probing 
methods,  optical  spectroscopy  and  aloreaaro  techniques  and  toe  results  of 
these  discos  tics  are  diewated. 


JU  I.  Caraaall  Md  C .  Richard 

RC1  Tiotor  Coapacy,  ;Lt4# 
jtaaaareh  laboratories 
Montreal,  Citdi 

i.  aaosocricat 

It  it  aell-aaOTm  -that  tba  electron  ccnpoaant  at  .the  jlin  i booth 
aarraiwdl  ng  a  re-entry  radicle  is  tba  jx-iaary  .mum  .of  tba  degradation  in  rf 
«i<Ml  t>M— i  fj  on  ■  :A  poeaibla  tae'iaiqu#  for  reducing  the  electron  contest  of 
tba  pi  mb  -latslTM  -tba  dm  of  eleatroMgstiTa  additives.  Sued  additives  (e.g. 
tba  balogaaa)  ini  to  replace  the  alaotroaa  -is  the  plataa  with  heavier  negative 
lenaby  the  prcaoia  of  alaotron  attoebaost.  Sine*  tea  sore  saaslva  negative  Iona 
•111  wblj  interact  wo«Hy  with  tba  highfrequeacyrf  field,  as  laprnvoaant  4b 
tea  signal  transmission  will  be  effeoted. 

The  laboratory  study  «f  auoh  alaotron  attaobnast  process  a  a  baa  baas 
pursued  far.aanyyears  under  ayeriotyof  conditions  and  .this  inferaetioa 
Indloetea  that  the  process  4a  a  proadalng  ou  for  alaotron  density  roductioa 
during  re-aatry.  Rowevar,  because  of  tba  very  soapier  nature  of  tba  ro¬ 
om  try  plaaaa,  .It  4a  not  possible  to  apply  tba  axis  ting  data  la  auoh  a  aims  it 
that  practical  quen  tits tiro  .aaaaaanasta  can  fee  aeda.  Tba  effect#  an  the 
attanhaent  prooaaa  of  pharma* da  4a  tba  flew  fiald  :aueh  .sat  aheab-fKatU, 
turfeuleaoe,  obead o  al-ti  nati e  reactions,  ablation  products  ate*  are  axtnaaly 
difficult  to  include  is  any  analysis.  iBaoau aa  af  this,  a  eerie*  of 
laboratory  investigations  baa  baas  uadartafesn  to  *«■<««  tba  "qusnebisg* 
efficiency  of  various  electronegative  additives  4a  plaaaa  flaw  ayataai 
baring  properties  of  fclarasoa  to  ra-aatry  conditions. 

is  la  py  *tt*ajt  to  aiaulata  tba  ra-aatry  earlm— nt  4a  tba 
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laboratory,  the  pruts t  systea*  cscaot  -provide  itssnti  simulation  ict  all 
of  the  :  parses tere ,  but  by  providing  quantitative aaur— ate  -of  -tbs 
important  proosscse  over  .a  -.controllable  range  .of  conditions,  :auoh  useful 
information  .oaa  .be  ’.obtained* 

3he  results  of  ^earlier  investigations  on  vtfea  :*eediagof  super* onto 
argon  plana  .  Jets -with  electronegative  gases  -have  .already  beenpublisbed'  ** 
:aad  -in  -the  present  paper  : acre  :rscent  neeaureaente  ;en  the  properties  of 
nitrogsn  pittas  flow  -jtyatima  seeded  with :SF* *  :H#0,  CO* ,  :)K> -and  Oa  art 
■■natrlsed. 

: During  the  course  of  tin  faeemreaants  In  unrel  T1m  sjeteaa.  lt 
has  bus  found  -that  the  properties  *«f  the  -pleeaa  are  itrnnglj  IttH range iTtj 
changes  in:  -wall :  conditions,  gas -purity,  gas  presaure  and  excitation  power 
level.  Aa  a.  re  suit,  weenlngf  ul -weassreaects  pan  oalyrbe  obtained  if  these 
:f actors  *rw  adequately  controlled  and  nonitared.  .This  aspect  laflwenesi  the 
design  of  -the  apparatus  and  the  diagnostic  techniques,  and  sows  of  these  now 
: aider* tl one  .  are  -also  presented  da  this  paper. 

m.  araioaBatri'Botassre 

faen  an  electron. attache*  to  en  atcatof or*  a  nsgative  lAa,  energy 
is  released  since  the  energy  of  the  stable  negative  ion  is  below  that  of  the 
parent  rautral  atsa.  ithere  .are  zsevsral:  wen hard  we  by;*blch  .the  atteihaeet 
aay  ttaka  -plane.’  **  ** 

,1.  Taeradiative  attachaect  cf  a  frec  dactrontoansctral  a  tea, 

e  +  .A-..A  -sJw  CXi} 


share  the  eapfcwe  preset*  is  tj 


by  rthe  u 
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2.  Capture  of  a  fraa  electron  by  an  a toe  with  a  third  body  taking 
up  the  exoeet  energy 

e  +  A  +  B  -»  A-  +  B  +  kin. on,  (2) 

3.  Diesoolative  attachment,  in  whioh  the  eleotror,  ia  captured  by 

a  aoleoule  with  the  excess  energy  going  into  dlaaooiation  of  the 
molecule, 

e  ♦  iy-*  frrf*  +  x  +  y"  (3) 

<m  Sleotrcu  capture  by  a  aoleoule  with  vibrational  excitation  of  the 
molecule, 

e  ♦  XY  •*  rXYf*  (4*) 

(Ill  *  ♦  A  f  XY]  ♦  A  +  Idn.en.  ♦  pot.en.  (Ah) 

Ccaoercirw;  these  various  processes,  it  is  known  that  the  probability 
of  radiative  capture  la  quite  smtvM  (of  the  order  of  10*T  per  oolliaion)  and 
that-  the  prebchility  of  the  3-body  capture  process,  being  dependent  on  the 
availability  the  third  body,  decreases  with  decreasing  gas  pressure. 

The  probability  of  the  electron  capture  process  can  be  expresssd 
in  several  ways.  The  electron  capture  cross-section  is  defined  in  the 
conventional  manner,  and  the  electron  attachment  probability,  h,  used 
extensively  in  the  earlier  literature*  is  defined  by: 


where  and  are  respectively  the  average  attachment  cross  section  and 
average  total  a  wittering  cross  section  for  electrons. 

In  eleotron  swarm  experiments  it  is  also  convenient  to  is fine  an 


attachment  ooefflolsnt.  The  change  in  eleotron  oonoentration,  n#  drifting 
under  the  notion  ol'  a  unlfor*  field  in  An  electronegative  gas  is  given  by: 


dn  v  -nn  dx 

e  e 


(6) 


where  *»  is  the  utt  .ohment  coefficient  rdpronenting  the  probability  that  an 
eleotron  traversing  unit  distance  (in  the  x-direetion)  will  attaoh  to  a 
mol  souls.  It  ota  be  shown4**4  that  n  is  related  to  by  the  expression 
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where  v  end  v^  are  ike  electrons'  average  random  and  drift  velocities 
respectively,  and  n,  is  the  n usher  of  aleotronegative  molsoulea.  Also, 
sinoe  h  ■  An*,^,  it  is  apparent  that  jj  and  h  are  related  by  the  expression: 

(8) 


hv 

n  -rr* 
ATd 


where  A  is  the  «v?s?cge  eleotron  mean  free  path. 

Tor  studies  of  ths  eleotron  rsaovsl  process  in  re-entry  plasma  it 
is  desirable  to  examine  aleotronegative  waterials  having  the  greatest 
probability  of  eleotron  attachment:  i.e.  materials  having  the  greatest  values 
of  <r^,  h  or  ij  as  tabulated  in  the  existing  literature. 

Fig.  1  shows  the  ettaoboent  okoes-aaotions,  for  several  of  the 
gases  used  in  the  present  investigation.  Except  for  SI*  the  cross-sections 
shown  er>  for  dissociative  attachment.  These  date  illustrate  the  strong 
dependence  of  a*  on  the  electron  energy  as  well  as  the  narked  variation 
between  different  aleotronegative  gases.  Tbs  cross- sections  exhibit  a  strong 
"resonance’'  behaviour  being  sharply  peeked  over  a  relatively  narrow  band  of 
eleotron  energies.  An  additional  sueaary  of  eoas  attachment  orosx-eeoticns 


i>  given  in  Table  I.* 

A  comparison  of  tbo  tin  (Uii  on  tbo  basis  of  tbo  attachment 
coefficient,  f),  is  given  in  fig.  2.  Sinoo  r)  it  •  Htiun  of  th*  overall 
•Isotron  loss«  Independant  of  what  tbo  particular  attachment  proooss  is, 
it  is  possible  to  hava  considerable  differences  in  the  relative  values  of 
Tf  end  o*  depending  on  tbs  range  of  eleotron  energies,  for  exasple  it  is 
seen  fro*  figs.  1  end  2  that  although  0*  and  &0  do  not  show  significant 
dissociative  attachment  at  low  energies,  sons  non-dissooiativo  attaobaent 
aeobsnisa  is  significant  enough  to  cause  a  largo  attachment  ooeffioiect 
(n/p)  at  low  energy  values. 

Although  the  strong  electronegativity  of  Sf»  is  apparent  in  both 
fig.  1  and  fig.  2,  the  complex  variations  of  o#  and  q  serve  to  illustrate 
som  of  the  problems  encountered  in  seleoting,  on  the  basis  of  existing 
date,  tbs  beet  eleotro negative  gas  for  re-entry  plaaaa  quenching. 

ni.  OTHBt  P&OCKSSKS  tfBCTDit  THE  BgCWOW  1EWSITT 

Kxcept  under  very  specially  sslsoted  conditions,  the  electron 
density  in  say  plains  will  be  affected  by  a  nueber  of  prooernee  in  addition 
to  attaohnent.  In  the  examination  of  the  attachment  process  in  re-entry 
type  plasmas  it  is,  therefore,  necessary  to  ascertain  the  relative  importance 
of  such  interactions. 

The  various  processes  osa  be  summarised  in  tbs  fora  of  an  electron 
continuity  equation  of  tbs  form: 

*  An  apparent  typographical  error  in  Kef.  14  leads  to  two  valuta  being  cited 
for  the  urose-seetion  of  CO.  vis:  2.7x10***  and  2.7x10***,  with  the  seoond 
one  being  correct,  and  in  agraemsnt  with  Kef.  11.  The  incorrect  value  has 
been  re  quo  ted  in  lefs.  5(p<285)  and  15. 
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"df  *  +  v*(wV  ~  kr%*  4  ^ 

k4  ■  ionisation  collision  frequency 
*  attachment  frequency 
D  «  diffusion  oosffioisnt  for  electrons 


k  •*  sleotron  ion  rscoebination  rats 
r 


(9) 


and 


Q(t)  *  an  unspeoifisd  tins  dependent  ionisation  aourea  included 
in  som  discussions  of  more  ooaplax  system1*. 

Working  with  af terglowa  in  tha  laboratory,  it  is  often  possible 
to  distinguish  batman  tha  various  processes  by  their  different  dependence 
on  tha  plasm  parameter  a  (e.g.  electron  density,  gas  pressure,  oontalnsr 
geomtry). 

In  tha  design  of  a  eye  tea  for  attachment  studies,  one  of  the 
alas  would  be  j>  selvot,  if  possible,  a  ooabination  of  the  paraaeters  suoh 
that  the  attaobMut  prooess  dominates.  If  this  can  be  dona,  equation  (9) 
reduces  to: 


to 

«5r  *  *“  v  n 

dt  as 


(10) 


giving  an  exponential  tine  dependence  for  tha  elsotrcm  density. 

Ibe  attaohmnt  frequency,  v^,  is  in  general,  further  specified  in 
tens  of  the  two-  and  three-body  attaohmnt  rate  coefficients,17  k  (  and 
giving: 

da 

IT  “  *k*a°**X)“e  "  kjaB*^  (U> 

where  no(l)  and  n«(l)  are  tha  number  densities  of  the  attaching  molecules, 
X,  and  third  bodies,  T*  Tor  a  velocity  independent  arose- section  the  tee- 
body  rate  ooeffiolent  and  tha  cross-section  are  related  by  the  expression 


T  T"  ~  i  TTPW7f:?KWtJM*' 
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k  »  o  c 


(12) 


Bence,  from  aqu^tioa  { 7)  *  if  a*  and  ar*  known,  th*  attachment  coefficient 
n  oan  to  ooaput#d  fro*  tbs  rat*  constant  kJfc  or  rio#  Tim  sine# 


'•a11* 


03) 


from  th#  for* going  ei— sry  it  la  obvious  that  in  a  complex 
plasma  »uch  as  that  snoountsred  during  ra-antry,  or  in  a  laboratory 
simulation  facility,  aocurata  aaaauraaanta  of  th*  affaotivanasa  of  elaotro- 
nagativs  additives  for  alaotron  raaoral  will  b*  axtraaaly  difficult  to  ask*, 
experimental  acaasaaaata  of  tba  relativ*  Magnitudes  of  tbs  various  tarns  in 
aquation  (9)  bavo  to  b*  sad*  over  tbs  rang*  of  pi  a— a  par—* tors  of  Interest, 
and  in  gsnsral  this  is  not  raadily  aeoonpliahsd  -  aspsoially  if  thsra  ar* 
alaotron  sources-  in  the  plasma  arising  from  obanloal-kinetio  r* motions. 

In  tbs  present  investigation,  oontinuous  flow  afterglow  systems 
bar*  boon  used  so  that  tbs  alaetronsgativa  gas  additives  can  b*  injected 
into  a  pis— a  whoa#  salient  properties  can  be  aeasurad  before  and  after 
inaction  (i.a.  lustre—  and  downs trs—  froa  point  of  seeding).  In  this 
way,  th*  plaans  source  par— stars  ar*  indapondant  of  the  alaotronsgatiwc  gas 
properties  -  a  factor  which  cannot  bs  aohiawad  if  tba  eleotronegative  gas  la 
introduced  dlraoUy  into  tba  region  where  th*  plasas  la  being  generated. 

Th#  g#o— try  of  th#  apparatus  has  ba#n  kept  ainpla  (uaiforw  cylinder)  so 
that  diffusion  sffsots  oan  be  nora  raadily  assasoad.  Tba  diagnostie 
taehrdque#  have  bsan  selected  to  prowids  good  temporal  sad  spatial  resolution 
of  th*  plaana  properties. 

gitrogsn  has  bean  uaad  initially  in  tba  present  experiment*  sine*  it 
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i»  a  gu  which  has  proparti**  of  aarodyitMio  interest,  but  Haiob  doas  not 
gir*  rlss  to  maay  of  tb*  problaaa  lnrolvsd  in  analysis*  an  air  plans*.  Sea* 
aeasuraaents  havw  b**n  a  ad*  on  air  diaohargaa,  but  aa  ywt  no  quantltatiw* 
seeding  studi*a  bar*  ba*n  undertaken; 

Th*  nitrogen  afterglow  i*  uaaful  for  seeding  ctudiec,  hoe*'.  jr. 
aino*  it  prorldes.  in  a  region  fra*  froa  axtamal  field*,  plaice  -4  with 
electron  danaitiaa  two  to  tbra*  ordara  of  magnitude  lower  than  tb*  prlxary 
die  charge  and  electron  temperature*  at  least  an  Order  of  aagnitud*  lower. 

Thus  th*  preaent  reaulta  with  5000*5  <  T  <  15,C0Cfl  oowplewent  the  fiesgerctur* 
raogt  previously  *  tolled*  **  in  the  argon  diaohargea  where  i  2000O"K  <  f  < 
IOO.OjO*  .  Also,  aa  in  the  re-entry  pleas*.  the  nitrogen  afterglow  eeohacias* 
include  pi earn*  generation  prooeaeea  eo  that  th*  quenching  is  tb*  preaenc*  of 
electron  produetion  oan  ho  area lined. 

17.  iPPMUTOS 

Pig.  3  ahowa  a  acheeatlo  diagrea  of  one  of  the  experimental  arrange- 
■ants  ueed.  The  main  body  of  the  flow  ayataa  conaiat*  of  a  pyrex  tuba 
2.5  ob  i»d.  by  1 .8  aetera  long.  Th*  high  purity  nitrogen  (99.99690  gee  la  fad 
free  a  preaauriced  cylinder  through  a  ntedla  valve  and  ia  then  exalted  by 
two  external  cylindrical  electrode*  oonneoted  to  a  1  kw.  rf  poetr  aupply 
(13*5  Mc/aee) .  The  discharge  product*  proceed  down  tb*  tuba  and  toward*  the 
pu*P».  Xleetrical  probe*  can  be  introduced  into  th*  flow  as  shown  in  tb* 
flgiB*.  The**  preoes,  inserted  throu^i  0-ring  scale,  oan  be  wowed  under 
▼aeuue  and  their  length  ie  sufficient  to  allow  any  point  ia  th*  flow  tube  to 
be  exanlMd.  Such  an  arrangeeent  sake*  possible  a  continuous  probing  ef  a 
steady  state  flow. 

The  seed  gee**  oan  be  introduced  either  upatreaa  or  dowMtrwaa  of 


the  discharge.  Th*  relative  position  of  the  downstream  seeding  osn  bo 
varied  by  sitter  adjusting  tbs  flow  velocity  or  moving  tte  rf  szoitstion 
eleotrodea.  PrsoisiOB  gauge*  sad  nosdlo  valves  srs  ussd  throughout  tte 

wood  gas  handling  system  for  maximuB  control  of  tte  gas  flow.  Sssding 

*  , 

ratios  (sssding  ratio  ■  aolsoulss  of  sssd  gas/aolooulas  of  M*)  as  small  as 
10**  oaa  be  asasursd  readily.  flow  Tsloeitiss  up  to  about  5  *10*  om/cao 
haws  boon  attained  with  pressures  ranging  froa  0.1  to  10  tore* 

Apart  froa  olaotrostatio  probe  diagnostics,  tte  experimental  systea 
also  includes  facilities  for  measuring  optical  aaission  froa  tte  afterglow. 
Two  spectrometers  are  used  to  provide  a  detailed  spectral  analysis  and  tte 
radiation  froa  the  afterglow  can  be  directed  into  tte  speotreaetera  via  a 
flexible  optical  fibre  ays  tea  sc  that,  by  scanning  tte  fibre  along  tte  flow 
tub#,  any  position  of  the  afterglow  can  be  exaained.  The  scanning  bench  is 
fitted  with  an  electrical  position  indicator  so  that  plots  of  light  output 
as  function  of  position  esc  he  obtained  directly  on  an  X-T  recorder. 

In  addition  to  tte  spectral  analysis  spatial  Intensity  variation  of 
particular  optical  transitions  of  interest  can  be  investigated  with  tte  aid 
of  photomultipliers  a  eerie*  of  appropriate  interference  filters. 

Tte  interference  filters  used  ted  a  pass-band  of  approximately 

* 

100  A  and  center  frequencies  ware  chosen  to  correspond  with  several  of  tte 

■oat  intense  molecular  nitrogen  ion  and  neutral  scission  bands,  (a.g.  th* 

first  negative  (H**[3*IU*])  0-0,  0-1  and  0-2  bands  at  3914  A,  4278  A  and 

4709  A  respectively,  and  tte  first  positive  (HifB’sr  1)  dv  »  4  eerie*  at 

© 

9 

approximately  $800  A). 

Microwave  facilities  are  also  available  for  asking  aaplitude 
and  phase  measure  rant*  it.  the  plasmas  with  both  f  ocussed  and  unfoousaed 


beans'*.  A*  yet,  detailed  sicrowcve  MMuriMnti  of  the  afterglow  plasat 
bar*  not  been  se4»,  ohiefly  because  of  the  fact  that  at  the  lc*  electron 
densities  involved  (s.g.  10'®/oe  and  lover)  the  spatial  resolution  of  the 
sicrewsv*  diagnostic*  la  auoh  poorer  than  that  of  the  other  techniques. 

v.  ia&immms  ox  pms  s* 

Since  the  quenching  ability  of  seed  gases  was  to  be  investigated 
by  comparing  the  properties  of  seeded  and  uns ceded  nitrogen  plasma  flow 
fields,  it  vas  of  inportehce  to  examine  the  properties  of  the  pure  nitrogen 
afterglow  and  to  insure  its  reproducibility. 

The  nature  of  the  early  nitrogen  afterglow  is  quite  ooapli.ee ted 
and  as  yet,  not  fully  understood,  particularly  with  respect  to  the  ion  and 
electron  production  neohanieu  is  the  eo-cellsd  "pink*  afterglow.  In  cddltlon, 
the  afterglow  exhibits  &  rather  "tcaperenental*  behaviour  being  highly 
dependent  upon  gas  pressure,  inpurity  level,  excitation  poser,  temperature, 
sell  conditions,  etc.  Hence  measurements  war*  nsde  to  detsnlne  the 
quantitative  values  end  the  spatial  variations  of  the  af terglov  parse*  tars  in 
the  present  system.  Sleetren  (end  ion)  densities,  electron,  ion  and  gss 
teaperatures,  nitrogen  a toe,  excited  noleouler  neutral  nitrogen  (&**)  and 
exalted  Molecular  nitrogen  ion  (!***•)  relative  densities  sere  «» soured.* “ 

swimi  variations  of  the  nitrogen  afterglow  properties  wars 
investigated  over  e  range  of  velocities  up  to  about  5  xl©*  oe/eec  and  pressures 
between  about  one  end  ten  Torr.  Figures  4  end  5  shoo  sample  plots  af  tbo  iea 
(end  electron)  density  distribution  and  the  electros  temperature  varieties* 
in  the  afterglow  se  obtained  free  double  probe  characteristics.  A* 
distribu  *a  shown  in  the  curves  presents  the  typical  chaps  associated  oitb 
the  **  afterglow.  The  various  regions  of  the  afterglow  are  labelled  in  Fig,  4. 
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After  the  discharge  region  there  is  e  tail  flaws  which  exhibit*  a  rapid 

dr 'ay  of  ionisation  and  electron  temperature*  A  dark  apaqe  folio**  where 

the  icaieettoa  is  extremely  smell  (<  10T/oc). 

The  pink  glow  in  Fig*  4  ehowe  two  maxima  in  ionisation  at  about 

19  aad  18  Billisecond*  after  the  discharge  with  ion  concentration*  of  about 

10*®/°®  sad  I0*/oo  respectively. 

the  electron  temperature  (Fig.  5 )  show*  a  rapid  decrease  tram  a 

value  xf  about  10*  deg.X  in  the  primary  discharge  to  about  10*  deg.X  in  the 

afterglow.  It  ia  interesting  to  note  that  because  of  the  flow*  the  electron 

temperature  shows  its  asvlmtei  at  the  downstrean  end  cf  the  discharge  with 

lower  velnee  being  recorded  within  the  discharge  itself.  The  rf  fields 

need  tor  generating  the  discharge  were  found  to  be  present  in  the  tail  fleas 

which  extended  about  10  oa  from  the  else  trod#  s  as  a  visible  “orange"  discharge* 

Sxperlment*  conducted  in  several  systems  under  e  variety  of 

conditions  have  reveeled  the  great  sensitivity  of  the  afterglow  properties 

on  the  impurity  level  end  wall  conditions  in  the  flow  systems.  With  tbs 

present  apparatus*  it  was  found  that  the  seeding  of  the  nitrogen  afterglow 

with  SF*  for  wxaaple*  could  affeot  the  tube  walls  in  such  e  way  that  on  sife> 

sequent  running  of  a  pure  nitrogen  flow*  the  afterglow  intensity  sill  be 

appreoiably  altered*  Careful  cleaning  and  handling  of  the  system  ic  required 

if  reproducible  results  art  to  be  obtained* 

Figure  6  presents  the  axial  variation  of  afterglow  properties  of 

pure  8*  as  recorded  by  optical  Mission  (using  photo-multiplier*  end  filters) 

•  e 

at  3914  A  aad  5780  A  aad  by  double  probe  measurements.  Ib  ia  interesting  to 
note  that  tha  structure  z£  the  afterglow  as  seen  by  the  three  measurablss 
(H,  ion  amission,  X*  neutral  amission  end  ion  density)  is  virtually  identical. 
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In  general,  such  agreement  «m  observed,  whatever  the  detailed  structure  of 
the  afterglow.  The  probe  ae as ure cents,  however,  usually  showed  peaks  which 
were  acre  clearly  resolved.  This  appears  to  indicate  that  the  probes  provide 
a  aoaewbat  better  spatial  resolution  than  the  photOBi.0Ltiplier>systens  (which 
integrate  along  their  line  of  sight). 

The  slaultaneous  use  of  probe  and  optical  eaieaion  illustrated  in 
Tig.  6  provides  a  rapid  aeans  for  asking  detailed  analysis  of  the  axial 
dependence  of  the  afterglow  and  this  as t hod  was  also  enployed  with  the  seeding 
investigations . 

VI.  KSASUklKBXTS  Ml  SEEDED  PLOWS 

Seeding  experiments  in  nitrogen  planes  have  bean  carried  out 
using  0* ,  WO,  CO,,  H,0  and  ST,.  In  the  aeaeurweents  to  be  described,  the 
seed  gas  wss  introduced  isaedietaly  downs tree*  frow  the  tail  fleas  shown  In 
Tig.  4.  (approx.  15  ca  fro*  the  discharge)  and  the  seeded  flow  was  investi¬ 
gated  by  the  act hods  described  above. 

The  general  procedure  consisted  of  e ruining  the  axial  variation 
of  the  properties  of  the  afterglow  with  the  various  diagnostic  aeans  for  each 
different  seeding  ratio  starting  with  the  pur*  nitrogen  end  proceeding  with 
increasing  seeding  rates.  Sufficient  tlae  im  given  after  any  change  of 
seeding  rate  (especially  at  low  rates)  in  order  to  ensure  that  equilibrlun  had 
been  reached  in  the  flow  systea.  Tinas  of  the  order  of  one  to  five  oinutes 
sere  usually  required.  Tot  reproducibility  of  the  pure  X,  afterglow  was 
cheeked  before  end  after  each  run  to  ensure  that  apparatus  contamination  was 
not  affecting  the  results. 

6.1  0»  Seeding 

figure  7  shows  s  staple  variation  of  the  intensity  of  the  excited 
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ion  (Mission  (K**  at  3914-  A.)  as  ths  K,  flow  ie  eeadsd  with  0*.  It  is  noted 
then  es  Of  oonoantratien  of  about  one  psrcsnt  (seeding  ratio  ~  1CT*)  is 
sufficient  to  reoove  alaost  all  traces  of  excited  K,<  ion*  figure  8  presents 
a  cooperative  plot  of  the  decay  in  the  afterglow  of  excited  N*  aoltoulss, 
excited  K»*  ions  and  the  total  ionisation  as  a  function  of  the  O*  seeding 
ratio*  Shis  plot  is  typical  of  those  obtained  with  the  other  seed  gases* 

The  first  negative  (e.g.  3914  i)  systea  is  the  first  to  show  effect  cf 
the  seed  gas*  followed  by  the  first  positive  systea  and  closely  by  the  total 
positive  -ion  density. 

Oxygen  shows  a  dissociative  attaches rit  cross-section  of 
1*3  x1CT1*oa*  at  6.7  *».  aooording  to  the  two  body  process 

a  ♦  Ob  -e  0  ♦  o” 

Since  the  electron  teaperatur*  prevailing  in  the  afterglow  is 
considerably  leas  than  6*7  ev  (~  1  av) ,  it  is  unlikely  that  this  as  chad  an 
can  account  for  all  of  the  observed  quenching.  It  is  possible  that  vh? 
three  tody  preoess  occurring  around  1  sv  end  suggested  by  Hurst  and  Bortasr** 
and  Chanin  at  el5*  according  to 

a  -+  Qi  ♦  I  (third  body)  -»  Cb'  ♦  X 

ie  also  effective*  Studies  cede  by  Chartin  at  al  havs  found  a  rslativaly 
high  value  for  the  over  ell  attsebaant  coefficient  (rj/p)  in  C%  tor  low 

energy  values  (see  fig.  2). 

6.2  MO  Seeding 

She  quenching  ability  of  MO  was  observed  wbaa  employing  tbs  MO 
titration  technique**  to  dataraine  the  ground  state  dtrcgsa  above  eoa- 
oentratiac  in  the  dtrogen  afterglow,  figure  9  illustrates  tbs  quenching 
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action  on  the  first : negative  systs*  (N,*  don)  along  the  afterglow  dor 
different  KO  seeding  ratios.  The  quenching  produced  on  tha  first  positive 
systea  (N,  soleoule)  and  the  total  don  density  da,  as  in  the  ease  of  oxygen, 
comparable  but  i -lightly  lass. 

Jteaaureaenta  performed  by : Bradbury*1  give  SO  an  electron  attachesnt 
probability  of  about  l/lO  -that  of  B»  0  under  the  conditions  prevailing  da  tha 
present  ays  tec.  However,  dt  is  .unlikely  “that  electron  attic  baert  da  the 
sain  reaction  responsible  for  the  Observed  quenching,  dt  has  keen  postulated*4 
that  tbs  characteristics  of  the  early  %  afterglow  can  be  explained  by  the 
interaction  of  a  highly  energetic  (>  25*5  ar)  loosely  beard  K,  eolecule 
interacting  with  atomic  nitrogen  and  excited  lit  molecules.  Therefor#  rapid 
reaoval  of  the  atomic  nitrogen  by  the  HO  could  also  be  contributing  to  tha 
plaaaa  quenching. 

6.3  C0»  Seeding 

Although  the  attachment  cross  section  -of  CO,  da  not  vary  large 
(Fig.  l),  a  strong  quenching  of  the  nitrogen  afterglow  by  CO,  ms*  observed 
with  considerable  evolution  of  beat. 

Figure  10  aisows  a  a^ila  variation  nf  the  total  don  current  along 
the  afterglow  for  different  CO,  seeding  ratios.  The  quenching  of  the  two 
eaieaion  eye  teas  was  found  to  be  almost  identical  to  that  of  Fig.  10.  Sara, 
a  weeding  ratio  of  about  1.5x10**  da  auff intent  to  reduce  tha  ionisation 
to  aero  (i.a.  to  the  background  level). 

The  leper tact  electron  attachment  menhaales  known  ta  occur  with 
CO,  da  dlaeoniative  attachaant  aocordirg  to 

CO,  ♦  a  ■*  C0  +  O' 


which  fees  *  maxima  measured  cross-seciion  of  4.5 x  10***  cm*  at  8.3  or. 

Again,  under  the  thermal  conditions  in  tbs  prsssnt  system  (T#  <  1  ev)  .  the 
atteohaent  alone  is  probably  not  sufficient  to  aooount  for  the  quenching 
observed. 

Milne  et  al** ,  however,  have  found  that  near  resonance  vibrational 
energy  transfer  can  ta>e  place  between  the  vibrationslly  excited  ground-state 
of  K,  and  the  vj  vibrational  node  of  CO,, 

H,*  ♦  COb  •*  N,  ♦  CCh* 

Since  nitrogen  Molecules  with  largo  vibrational  exoitetion  are 
known  to  be  present  in  the  afterglow1*  this  neohanisn  could  also  contribute 
to  the  afterglow  quenohing  with  CO,. 

6.4  H»0  Seeding 

Water  vapour  is  of  considerable  interest  as  .  quenching  agent 
owing  to  its  high  attaohnent  coefficient  at  low  8/p  (Ti^  2)  and  ita 
favourable  effect  on  the  reooabinution  tine.  Both  sechani sn*  result  in 
the  depletion  of  the  free  eleetron  density  in  the  plasma. 

Figure  11  illustrate e  the  strong  quenohing  of  the  plasna  produced 

o 

by  water  vapour  as  seen  by  the  3914  A  filter.  Seeding  ratios  of  only 
2x10*'  ssw  sufficient  to  reduce  the  iunisatlon  by  two  orders  of  magnitude. 

With  H,0  as  well  as  with  SF, ,  the  low  seeding  ratios  were  achieved 
by  preparing  1C$  Mixture*  of  the  seed  gaser  in  N, .  In  order  to  aasasa  the 
effects  of  the  injected  K,  on  the  afterglow,  pure  14  was  also  seeded  into 
the  afterglow.  Sons  reduction  in  ionisation  was  observed,  but  H  was  several 
orders  of  magnitude  smaller  than  that  obtained  with  the  HaO-W,  mixtures. 

According  to  measurement*  by  Muschlit^7 ,  two  typss  of  negative 
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ione  (0  and  H~)  nay  result  fro*  the  disoociative  attachment  following  an 
eleotron-H* 0  noleoule  encounter.  OH  nay  be  produced  oy  secondary  reactions* 

e  ♦  HO  ♦  2H  +  0  (appearance  potential:  6.3  a.) 
e  +  HtO  OH  H  (appearance  potential:  7.3  ev) 

H"  ♦  H.O  ^  0H~+  ik 
0~  +  H*0  -  0H%  0 A 

Again,  under  the  present  conditions  of  operation,  it  is  doubtful 
that  the  above  dissociative  attaohaent  processes  can  account  for  the  strong 
quenching  measured.  Measurements  by  Schuls*0  have  shown  that  water  vapour 
■sy  not  be  efficient  for  electron  attaohaent  below  about  2  ev  energy.  On  the 
other  hand,  a  large  attaohaent  coefficient  (q/p)  in  water  vapour  has  been 
aeasured,  at  low  energies,  by  Kuffel**  (see  Fig.  2).  According  to  »uffal, 
this  attachment  is  not  of  the  dissociative  type  but  is  due  to  electrons 
attaching  to  large  dusters  of  molecules  -  a  oonoept  also  shared  by 
Bradbury*3. 

6.5  SF.  Seeding 

Acong  the  electronegative  gases,  SF«  presents  one  of  the  largest 
capture  oross»seotions  for  attaohaent  of  electrons.  This  oross-seotion  is 
about  1 0' 4  * cm*  for  dose  to  tsro  electron  energy  as  shown  in  Fig.  1.  A 
strong  quenching  should  therefore  be  expected  in  the  afterglow  where  the 
thermal  condition  is  nor*  favourable  than  it  was  for  ths  previous  seed  gases. 
Results  are  shown  in  Fig.  12  where  it  is  seen  that  complete  quenching  is 
achieved  for  a  seeding  ratio  of  about  10**. 

Ifce  strong  quenching  of  SF«  can  be  seen  by  oonparing  the  relative 
of  efficiencies  of  the  different  seed  gases  for  quenohing  the  nitrogen 
afterglows.  Figure  13  presents  a  composite  plot  cf  tbs  relative  quenching 


of  tho  nitrogen  plow*  by  tbs  various  seed  guts,  tbs  data  plotted  shows 
tbs  reduction  in  tha  N,*  ion  density  as  a  function  of  tbs  i sc ding  ratio  for 
S?»,  E^O,  CO,,  MO,  0*  and  b,. 

As  shown  in  tig.  13,  in  tha  prasant  studios,  St*  is  found  to  ho  tho 
aost  offsotivo  queaohing  gas,  followad  by  wator  vapour.  This  ordar  oorrosponda 
to  that  axpaotad  on  tha  basis  of  ths  valua  of  tha  overall  attachment  coefficient 
at  low  anargy  (o.g.  tig.  2).  ths  data  of  tig.  13  id  really  a  ooaparison  of 
tha  quenching  "par  aolacula"  and  on  this  basis,  St*  is  nor*  sffaoiant  than 
H, 0.  On  tho  basis  of  quenching  par  unit  uass,  however,  3t0  beoomoa  equally 
offsotivo  sinoo  tha  aolooular  waists  differ  by  alaoat  an  order  of  aagnitudo 

(»H.O  “  18'  W8t.  *  146)* 

Tbs  quenching  ability  of  CCb  is  lass  spectacular.  CO,  has  been 
observed  to  bo  slightly  wore  efficient  than  that  of  oxygon.  As  discussed 
above,  tills  nay  be  attributed  to  an  efficient  energy  transfer  between  the 
vibrationelly  excited  N,  nolecule  and  CO,  . 

MO  also  proved  to  bo -a  better  quenching  agent  than  Ob*  In  this 
instance,  however,  it  is  likely  that  tha  electron  attachment  is  not  an 
inpertant  prooese,  but  that  nost  of  tha  quenching  is  duo  to  tho  reaotion 
of  MO  with  the  ground-state  nitrogen  atoms  which  constitute  a  major  reaetaat 
in  the  generation  of  tho  M,  afterglow. 

TO.  COMCLtJSICK 

The  results  presented  in  the  previous  ssotion  illustrate  tho 
relative  quenching  ability  of  several  electronegative  gases  in  tha  laboratory 
systems  studied.  Although  suoh  results  do  not  provide  all  of  the  information 
required  for  assessing  tha  effectiveness  of  seeding  in  n  re-entry 
environment,  they  can  provide  useful  data  on  several  aa peats  of  ths  problem* 


It  hss  bean  found  that  the  sljotronegetive  additives  in  a  seaplsx 
plaasa  spates  do  produoa  significant  reductions  in  tha  ionisation  over  a  side 
range  of  conditions  -  even  in  the  presence  of  electron  production  reactions. 

In  the  eases  studied  thus  far,  the  results  indicate  also  that  a  true  plant 
quenching  is  obtained,  i.e.  that  the  replsoeaent  of  electrons  by  negative  ions 
is  rapidly  followed  by  a  charge  neutralisation  interaction  which  reduce  a  the 
overall  ionisation  in  the  pleat. 

In  addition,  it  appears  that  tba  usefulness  of  the  quenching  prcoess 
extends  over  a  wider  range  of  electron  energies  than  night  be  expected  fron 
the  knew  (resonance)  attachment  cross-sections  of  the  varioua  species 
(e.g.  Tig.  l) •  In  fast,  it  appears  that  in  estimating  the  usefulness  of  such 
additiv  '  for  re-entry  applioationa,  data  on  the  attaohtnt  coefficient  any  bo 
■ore  useful  that  data  on  the  specific  attaohtnt  croes-seoticos. 

Am  already  pointed  out,  however,  the  ettaetaent  proocsa  is  not  tho 
only  property  of  the  ssod-gas  whioh  oan  dotomino  its  effeotivenosa  for 
pi  a  me  quenching*  The  seed  gas  eon  havw  as  affect  on  the  eleetroa-ien  re- 
ooshination  tine  in  the  afterglow  as  has  been  reported  by  Kuhns**  in  water 
vapour  and  suoh  processes  must  also  bo  token  into  account. 

Ow  limitation  of  the  exporiuante  already  performed  is  the  fact  that 
although  the  effectiveness  of  olootrcnogativo  gases  for  plasma  quenching  has 
boas  demonstrated  for  a  large  range  of  electron  temperatures  (~  SOOSft  in  the 
present  exportaonts,  up  to  10*  deg*K  in  the  rare  gas  experiments*  **) ,  the 
ion  and  neutral  gas  tanpersturos  evployed  have  always  been  below  about  1000*1. 

There  is  the  possibility  of  ether  effects  at  higher  gas  and  ion  . 
emvgies  which  oould  limit  the  usefulness  of  the  electron  attachment  process. 

7 or  example,  with  large  pulya  tonic  attaching  molecules  such  as  ST,  ,  it  is 
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possible  that  In  the  higher  temperature  plasmas  the  SF*  molecules  would  bo 
•ftroffiontod*  oo  that  tho  largo  attaotaaont  oroes-seotion  of  SF*  would  not 
do tormina  tbs  olootroa  ro acral  proooao.  (Haas  spoctroaotor  studios  in  SF8 
soodod  discharges3*  haro  shewn  a  high  dsgre*  of  dissooiation  of  SF,  into 
SF*  ,  F*  mad  F  atoms.) 

At  highor  grs  and  ion  toaporaturos  it  is  also  known  that  tho 
dstaohaont  rat*  of  electrons  from  negative  ions  is  increased3* '* 3  resulting 
in  an  apparent  reduction  of  the  attachment  rate.  Other  interesting  gas 
temperature  effects  on  the  attachment  process  in  0,  have  been  reoently 
reported  by  Fite  at  ai34  •  A  measurement  of  the  quenching  of  a  combustion 
flame  plasma  by  SF*  seeding  has  bean  published  recently3’  in  which  gas 
temperatures  of  tbs  order  of  3000°X  mare  employed.  The  electron  density 
•reductions  in  tbs  flams s  were  found  to  be  much  smeller  than  those  found  in  the 
present  study.  Although  this  may  indicate  the  increase  of  detachment,  the 
complexity  of  the  flame  plasma  makes  quantitative  comparison  difficult.  The 
measurements  are  being  oontlnued  in  an  effort  to  clarify  the  importance  of 
ion  a ad  gee  temperature  effects  on  the  attachment  yrcoesses  in  re-entry  plasma. 
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THE  EFFECT  OF  CHEHICAL  ADDITIVES  ON  MICROWAVE 


TRANSMISSION  IN  AN  AIR  PLASMA 


ABSTRACT 

Hie  effect  of  several  chemical  additives  on  microwave  trans¬ 
mission  through  a  high  temperature  air  plasma  was  found.  Two  types 
of  plasma  generators  were  used  in  this  study;  one  employed  an  rf 
inductive  heating  coil  and  the  other  an  industrial  discharge  plasma 
unit.  Gaseous  sulfur  hexafluoride,  propane  and  other  hydrocarbons, 
sprays  of  water  and  a  colloidal  suspension  of  silica  in  water  and 
micron  size  solid  particles  were  injected  separately  into  the  air 
plasma  operating  at  pressures  ranging  between  atmospheric  and  2.5 
inches  Hg..  The  change  in  X-band  microwave  transmission  across  the 
plasma  was  noted.  Sulfur  hexafluoride  was  found  most  effective  in 
improving  .transmission  and  this  was  attributed  to  the  presence  of 
highly  electrophilic  fluorine  atoms  which  reduce  t.he  electron 
density  of  the  plasma. 

INTRODUCTION 

One  way. of  preventing  the  detection  of  reentering  ballistic 
missiles  and  of  improving  radio  communications  with  manned  space  vehicles 

i 

during  reentry  <e  to  reduce  the  free  electron  density  of  the  plasma 

* 

sheath  which  surrounds  the  reentering  vt.  icle.  This  con  be  achieved 
by  one  of  the  following  chemical  means: 

1.  The  injection  of  electrophilic  atoms  and  radicals  in 

the  plasma:  This  method  involves  the  injection  of  a  chemical  .which 

produces,  upon  dissociation,  a  large  number  of  free  radicals  or  atoms 

% 

having  a  high  electron  affinity.  Electron  attachment  '  kes  place 
according  to  the  following  reaction: 

A  +  «"  f  kruetic  energy***"  +  kinetic  energy  +  electron  affinity 
The  electron  affinity  is  defined  as  the  energy  required  to  dissociate 
a  negative  molecular  ion  into  the  noutral  molecule  an/.  a  free  electron. 
The  halogen  atoms  are  known  to  have  high  electron  affinities,  because 

I 

an  additional  electron  produces  a  relatively  stable  outside  orbital 
shell  The  cyanogen  radical  (CN)  has  also  been  found  to  have  high 
electron  affinity*1  « 
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2.  Quenching  of  the  plasma  with  a  highly  endothermic  reaction: 
This  method  depends  on  lowering  the  temperature  of  the  plasma  which  in 
turn  lowers  the  electron  density  in  order  to  maintain  equilibrium  as 
described  by  the  Saha  equation.  The  dissociation  reactions  of  all 
molecules  are  endothermic  (heat  absorbing).  For  instance,  the  heat 
required  to  dissociate  propane  according  to  the  reaction 
CjHg  Cgas)-*3C  (gas)  +  8h  (gas) 

is  946  Kcal/aole  at  25 °C  and  is  called  the  heat  of  atomisation.  The 
final  temperature  of  the  plasma  can  be  calculated  from  values  of  tha 
specific  heats  of  the  components  of  the  system,  the  heat  of  atomi ratios, 
amount  of  additive  in  the  plasma,  and  the  initial  temperature  of  the 
plasma^  For  instance,  the  addition  of  .01  mole  fraction  of  propane  to 
an  air  plasma  at  325O “K  and  atmospheric  pressure  lowers  the  temperature 
to  20S0°X  assuming  complete  gaseous  dissociation,  typical  values  of 

t 

standard  heats  of  atomization  at  25  “C  .are  listed  in  Table  2. 

Table  1.  ,  ' 

t 

Standard  Heats  of  Atomization  at  25®C.  a 


Compound 

Formula 

i  Heat  of  Atomization. 

F.'opane  . ,  ' 

■ 

946'.  ' 

Propylene 

C3H6 

815 

Allen* 

4  • 

■683 

Ethane 

C2«6  . 

670 

Sulfur  Hexafluoride 

SFg  . 

508 

Methane 

ch4 

393  . 

Water 

'  ¥>  X 

221 

At  low  initial  plasma  temperatures,  the  quenching  effect  is 
probably  the  predominant  cause  for  reducing  the  electron  density  of  the 
plasma.  At  higher  temperatures,  the  atoms  and  radicals  become  sufficiently 
excited  so  that  electrons  may  be  effectively  absorbed  by  attachment.  It 
should  be  kept  in  mind  that  quenching  by  a  dissociation  reaction  is 
usually  complicated  by  side  reactions  (which  could  be  exothermic  or 
endothermic)  among  the  free  radicals  and  atoms  present  in  the  plasma. 

3.  The  introduction  of  micron  size  refractory  dust  particles 
in  the  plasma:  This  method  was  suggested  theoretically  by  Rosen^  and 
it  utilizes  the  large  collision  cross  section  of  a  micron  size  refractory 
dust  particle  with  respect  to  an  electron.  In  the  absence  of  thermal 
emission,  when  an  electron  collides  with  a  dust  particle,  it  is  effectively 
absorbed,  thus  reducing  the  free  electron  concentration.  Table  3  shows 
the  calculated  effect  of  particle  addition  to  different  plasmas  accord¬ 
ing  to  Boson’s  theory.  The  refractory  particles  were  assumed  to  have  a 
specific  gravity  of  five. 

Table  3 

Effect  r *  Parti -lea  Size  and  Distribution  on  Electron  Absorption 


Particle 

Pl&sea 

Electron 

Particle 

Electrons 

size.  cm. 

tiop» t 

density,  cc 

108 

distribution,  ag/1 

absorbed,  % 

io-4 

3000 

10 

S6.5 

10-4 

3000 

10U 

10 

.003 

io-4 

4000 

io12 

10 

.02 

io'4 

4000 

1012 

105 

97.7 

10“5 

‘ooo 

1012 

10 

1.9 

io-6 

4000 

1012 

10 

97-7 

OBJECTIVE 

The  objective  of  this  study  was  to  investigate  the  effect  of 
chemical  additives  on  microwave  transmission  through  an  air  plasma. 


Since  microwave  transmission  i6  governed  by  the  number  of  free  electrons 
in  the  plasma,  reducing  the  number  of  electrons  by  means  of  one  or 
more  of  the  methods  described  above  should  lead  to  improved  transmission. 
APPARATUS 

Two  plasma  generators  were  used  in  this  investigation.  One 
was  a  tuned  plate,  tuned  grid,  40  megacycle  oscillator  powered  by  a 
3000  volt  DC  power  supply.  The  oscillator  was  capable  of  drawi--?  500 
watts  continuously  and  could  be  driven  to  1000  watts  for  short  runs. 

A  water  cooled  rf  coil  inductively  heated  a  stream  of  air  flowing  in 

a  central  glass  tube.  This  type  of  plasma  generator  had  been  originally 

4  5 

suggested  by  the  Amperex  Company  and  used  by  other  investigators  .  A 
photograph  of  tht  apparatus  is  shown  in  fig.  1.  The  injection  of 
chemical  additives  was  achieved  either  by  premixing  the  additive  with 
the  air  or  by  injecting  the  additive  in  a  central  J0s9  as  sn&wrin 
figs.  2  and  3.  Gaseous  additives  were  metered  through  rotameters. 

Liquids  were  atomized  in  the  air  stream  and  their  flow  rate  calibrated 
against  atomizing  air  pressure.  Solid  particles  were  fluidized  in  air. 
Their  flow  rate  was  calibrated  by  collecting  and  weighing  all  the  particles 
leaving  the  fluidizer  over  a  given  time  interval  for  a  given  air  flow  rate. 
The  temperature  of  the  rf  plasma  was  slightly  over  3200eK  as  indicated 
by  melting  point  measurements.  This  temperature  corresponds  to  an 
equilibrium  electron  density  of  about  3  x  10'1  electrons/cc^.  { 

The  second  plasma  generator  was  an  industrial  unit  manufactured 
by  Thermal  Dynamics  Corporation,  Lebanon,  N.H. ,  model  D-50N.  It 
consisted  of  two  power  supplies  which  could  be  connected  in  series 
or  parallel,  each  capable  of  supplying  a  maximum  of  14  Kw  of  power. 
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Figure  2 


RF  Plasma  with  Premixed  Additive 
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A  control  console  with  plasma  gas  flowmeters,  switches,  rheostat,  volt¬ 
meter,  and  ammeter  was  used  to  run  the  plasaa  torch.  The  torch  itself 
could  be  fitted  with  different  types  of  nozzles  depending  on  the  plasaa 
gas  and  flow  rate  to  be  used.  A  nixing  nozzle  was  attached  to  the 
front  of  the  torch  where  gaseous,  liquid,  or  solid  additives  could 
be  injected  into  the  plasaa  stress.  An  air  plasaa  was  produced  by 
generating  a  nitrogen  plasna  first,  then  adding  the  necessary  aaount 
of  oxygen  downstream  in  the  mixing  nozzle.  The  equilibrium  teaperatura 
produced  by  this  plasaa  generator  when  operated  with  synthetic  air 
at  atmospheric  pressure  were  estimated  at  about  2800*K  at  8  Kv  and 
4680°K  at  20  Kw. 

In  order  to  operate  under  vacuus,  the  torch  was  inserted  into 
the  bottom  of  a  six  inch  Pyrex  glas3  cross.  The  upper  am  was  connected 
to  a  heat  exchanger  and  a  vacuum  pump  while  the  aide  arms  were  used 
for  the  introduction  of  microwave  guides  sad  cooling  water  tubes. 

Figure  4  is  a  sketch  of  this  apparatus. 

Host  microwave  transmission  studies  were  sade  using  the  apparatus 
shown  in  Fig.  5.  Earlier  work  was  performed  with  a  microwave  trans¬ 
mission  bridge.  Host  of  the  measurements  were  sade  in  the  x-baad  region 
(8.2-12.4Kac).  Ku-band  (12.4-l8Khc)  was  used  occasionally.  The  aicro¬ 
wave  signal  was  transmitted  across  the  plasaa  and  the  attenuation  noted. 
The  change  in  transmission  was  recorded  as  the  chemical  additive  was 
allowed  to  enter  the  mixing  nozzle. 

DISCUSSIOW  OF  RESULTS 

7 

Earlier  work  performed  by  the  authors  was  concerned  with  the 
effect  of  endothermic  reactions  on  the  electron  density  of  an  air  plasma. 


Heat  Exchanger 
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The  rf  plasma  having  a  temperature  of  about  52000!<’  operated  at 
atmospheric  pressure.  Several  gaseous  hydrocarbons  and  sulfur  hexa¬ 
fluoride  were  premised  with  air  and  the  change  in  transmitted  power 
noted.  A  plot  of  transmitted  power  ratio  versus  sole  fraction  of  the 
weeding  agent  is  shown  in  Jig.  -6.  The  effectiveness  of  hydrocarbons 
in  increasing  microwave  transmission  was  hastily  attributed  to  the  high 
energy  required  to  dissociate  them  into  tr.sir  gaseous  atomic  products 
of  hydrogen  and  carbon.  It  is  doubtful,  however,  that  gaseous  carbon 
was  present  to  any  large  extent  because  carbon  sublimes  at  about  ItOOO°K. 
later  observations  showed  that  solid  carbon  was  actually  present  in  the 
flame,  particularly  when  the  hydrocarbon  wsb  fed  centrally  sad  not  pre¬ 
fixed  with  air.  Assuming  that  tbs  solid  carbon  particles  have  an 
•.veragm  diameter  of  .3  microns  {which  corresponds  to  that  of  soot),  a 
calculation  can  be  made  of  the  expected  reduction  in  electron  density 
according  to  Rosen’s  method^.  The  pl*5*a  was  assumed  to  have  an  initial 
electron  density  of  3  x  10^  eicr.trons/cc  and  that  complete  dissociation 
of  the  hydrocarbon  additive  into  solid  carbon  and  hydrogen  took  place. 

It  was  found  that  the  addition  of  .01  sole  fraction  propane  should  re¬ 
sult  in  s  99-**l»  reduction  in  the  electron  density  while  the  add-tion 
of  .001  sol*  fraction  should  weed  out  9ft. 72*  of  the  electrons.  Experi¬ 
mentally,  using  x-bknd  microwaves,  it  was  found  that  the  central  addition 
of  .00636  mol*  fraction  propane  caused  a  reduction  of  1.1  db  on  a  plasma 
^with  1,9  dfc  attenuation  while  the  addition  of  .00113  mole  fraction 
caused  a  reduction  of  .37  db.  If*  as  a  first  approximation,  the  electron 

g 

density  la  assumed  to  be  directly  proportional  to  attenuation  ,  the 
reduction  in  electron  density  is  583  and  15.5*  respectively.  The 

between  the  theoretics!  predictions  and  these  values  could 


be  attributed  to  the  inevitable  aide  reactions  between  the  carbon  and 
the  other  atomic  species  present.  Spectrographic  analysis  revealed 
all  possible  diatomic  combinations  of  C,  H»  0,  and  N  atoms  in  the  plasma. 
Furthermore,  as  soon  as  the  solid  carbon  migrated  to  the  lower  tempera¬ 
ture  regions  of  the  plasma,  it  immediately  reacted  with  oxygen  render¬ 
ing  it  ineffective.  It  was  also  noted  that  feeding  the  additive  centrally 
was  much  more  effective  than  premixing  it  with  air.  This  is  due  to  the 
fact  that  central  feeding  introduced  the  additive  at  the  hottest  region 
of  tile  plasma  where  the  electron  density  is  highest. 

The  rf  air  plnsma  was  also  used  to  study  the  effect  of  water 

sprays  and  a  spray  of  a  colloidal  suspension  of  silica  aufcfflicron  particles 

* 

in  water  on  microwave  transmission.  In  this  experiment,  a  very  small 
portion  of  the  air  entering  the  ?yrex  glasB  tube  was  used  to  atomize 
water  in  a  cosmetic  atomizer  before  entering  the  plasma  generator.  It 
was  found  that  the  addition  of  silica  particles  to  the  woter  spray  did 
make  the  plasma  more  transparent  to  Ku-band  microwaves  than  by  using 
pure  water.  Jrlguro  7  shows  a  plot  of  the  change  in  attenuation  (which 
was  obtained  by  subtracting  the  attenuation  due  to  the  pla6ma  with 
additive  from  the  attenuation  of  the  plasma  without  additive)  versus 
the  rate  of  water  or  suspension  injection  in  the  plasma. 

Micron  and  subaicron  particles  of  carbon  black,  silica  and  metallic 
aluminum  were  injected  into  the  rf  plasma  at  atmospheric  pressure  with 
no  detectable  effects  on  microwave  transmission.  Aluminum  oxida  particles 
increased  microwave  attenuation  indicating  an  increase  in  electron  density 
probably  due  to  thermionic  emission.  Tests  were  performed  on  the  dis¬ 
charge  plasma  at  low  pressures  with  the  seme  solid  particles  and  gave 


similar  results 


to  additive  (db) 


Figure  I  Effect  of  S§  oddities  on  square  way#  modulated  MW 
signal  with  plasma  generator  at  8Kw. 
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Figure  9  v  Weeding  Effectiveness  of  SkJ  end  t’ropnne  on  Discharge  Plaoaa  Operated 


S.8*Kr*Mol» froetion  $5  inBcsma 


/A  Effect  cf  SFe  addition  on  square  wave  modulated  MW 
with  plasma  generator  nt  20  kw. 


’  SP6  uni  Propane  on 
d  hi  20kw 


""  "*•  “  H*”'  10  I«  "MUr  *>  Kg.  6  e««Pt  that  SJ. 

P1"“  yon  operated  «  20  Ka.  ^  U  ,to,5  .,te  !rM>sitM  ^ 

ratio  ..roee  «.  fraction  -for  thin  «..  *  »  p„^ 

to  rtill  norc  efrectire  at  staoepheric  prenaure  and  leoe  effeetiye  at 
lo«  praoaur*.  &»ayer,  sp^  in  no. -core  effective  at, taooph.no  ' 
proesaro  and  aosa.bat  loos  effeetiye  ,t  .the  Aow  prcaaur,. 

-no  change  in  th.  halier  of  MJ.  *,  „,Mnri  :1n«di.t.ta. 

It  aaa  noted,  hooeyer,  .that  at  high  generator -poyer  leyela,  the  Peter 
SW  or...  etched  coneider^  ..  _u  ^  ^  >tite 

ponder  yea  edited  in  the  hot  to.  of  the  etcher.  gif  fraction 

"*'1'  °f  *■*»  *’*»«'  «“*  It  in  coat  Uhely  aodina  ftaorid.; 

*ta  “““  »»1»S  *»?  «.  glano  MU.  Jt  1.  poaaibte  -,h,t  -at 

high  :poaer  and  ioy  preeann,,  ■th.«aoti,n..b,fMen.fln.rin...«!d-thi 

a'PJ**"  'ha  plaaaa  of  fte  aopWtof  Unorloc  .Sc  nwW 
•to  reduce  the  electron  density. 

CONCUJSlOm  ^ 

**  "8Ult6  Pf  thie  stu<*  ***>"  -that  it  should  J>e  -possible  to 
slleriate  -the  -radio  blackout  problea  by  injecting  certain  cbeaical 
addi tires  into  the  shock  iront  -rroundine^ente^ng  s^ce-rehicles. 
:Sylfur  hexafluoride  -seen*  to  be  ;soat  proving.  T.ato  are  being,son- 

tinued  on  rater  vapor  and  other  halogen  containing  compounds.  It  is 

hoped  -that  actual  in-fliehfc  *. 

light  .ten -a  on  these  compounds  ..will  be  perfo.-sed 

m  the  near  future. 
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XU.  REDUCTION  OF  FREE  ELECTRON  CONCTETRATION  IN  A 

REENTRY  PLASMA  BY  INJECTION  OF  LIQUIDS 

By  John  5.  Evans 

NASA  Langley  Research  Center 
Langley  Station,  Hampton,  Va. 


ABSTRACT 

Liquid  droplets  injected  Into  an  over-ionized  plaaiaa  (such  as  the  plasma 
sheath  over  an  antenna  on  a  reentry  vehicle)  are  treated  as  sites  for  recom¬ 
bination  of  electrons  and  ions.  Each  droplet  Is  considered  to  be  a  small 
spherical  probe  at  floating  potential.  Thus,  the  rate  at  which  it  removes 
electrons  from  th *  plasma  is  equal  to  the  rate  at  which  ions  reach  its  sur¬ 
face.  Thermionic  emission  and  secondary  emission  are  neglected  and  all  elec¬ 
trons  and  Ions  which  strike  a  drop  are  assisted  to  be  recombined. 

Theoretical  calculations  are  described  for  the  reduction  in  electron 
concentration  as  a  function  of  three  parameters  of  interest  for  practical 
applications.  These  are  the  drop  size,  the  mass  injection  rate,  and  the 
time  required  for  the  drops  to  flow  from  the  injection  point  to  the  antenna. 

The  results  of  the  calculations  indicate  that  the  addition  of  liquid 
droplets  tc.  a  flowing  plasma  is  capable  of  producing  large  reductions  in 
electron  concentration.  However,  it  should  be  noted  that  the  details  of 
drop  formation,  mixing,  acceleration,  and  evaporation  were  greatly  sim¬ 
plified  In  the  analysis.  Since  these  processes  can  have  important  effects 

« 

on  the  results  end  since  the  theoretical  treatment  of  such  complex  phenomena 
is  both  difficult  and  uncertain,  it  appears  that  experimental  validation  of 
the  theory  is  needed  before  conclusions  can  be  reached  about  the  applica¬ 
bility  of  the  results. 


mn 
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It  ie  common  knowledge  In  radio  propagation  studies  that  the  presence 
of  large  numbers  of  free  electrons  can  cause  severe  signal  attenuation  or 
radio  blackout.  Evidence  now  exists  that  electron  concentration  In  the 
atmospheric  entry  plasma  sheath  can  be  reduced  by  injecting  materials  Into 
the  flow  field  over  the  entering  body.1'2' 3* 11 

Oas  Injection  appears  to  be  impractical  because  no  way  has  been  found 
to  make  a  gas  penetrate  the  ionized  layer  much  beyond  the  boundary  layer. 
Solid  particle  injection  is  also  difficult,  but,  even  If  particles  can  be 
injected  in  a  satisfactory  way,  they  rapidly  reach  high  temperature  and 
thermionic  emission  limits  their  usefulness,  liquid  injection  holds  the 
most  promise,  since  adequate  penetration  can  be  achieved  and  since  heat- 
transfer  rates  to  small  evaporating  drops  are  such  that  both  long  lifetime 
and  low  drop  temperature  «an  be  obtained. 

The  literature  contains  quite  a  bit  of  Information  on  topics  relating 
to  material  injection, 5/^/7/ ®  and  some  experiments  have  been  performed  to 
show  the  effects  of  material  addition  on  free  electron  concentration. 
Carswell  and  Cloutier  at  RCA  have  seeded  supersonic  streams  with  electro¬ 
negative  gases, &  Soo  and  Diaick  at  the  University  of  Illinois  have  Injected 
solid  particles  into  flowing  plasmas,1*1  and  Kurziuc  at  Aerochem  has  been 
experimenting  with  water  injection  in  seeded  hydrocarbon  flames.11 

The  HASA  experiments1*1*/12/1?  have  proved  that  injection  of  liquid 
water  can  restore  radio  coeamnicatlon  during  actual  atmospheric  entry.  This 
paper  1b  concerned  with  a  discussion  of  what  is  believed  to  be  the  way  in 
which  liquid  injection  is  able  to  reduce  the  concentration  of  free  electrons 
in  the  reentry  plasma  sheath.  Wore  information  about  the  experiments  and 
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more  detailed  discussions  of  the  theoretical  basis  are  given  in  HA8A 
reports.1*^1'5 

THEORY 

It  should  be  Bade  clear  at  the  start  that  ve  are  discussing  injection 
of  a  liquid  into  an  over- ionized*  and  relatively  cool  plasma  flowing  over 
the  afterbody  of  a  vehicle.  He  electrons  present  were  produced  in  the  high- 
temperature  region  near  the  stagnation  point  at  the  nose  and  persist  in  the 
expanded  and  cooled  gat'  on  the  afterbody  only  because  the  rate  of  electron-ion 
recombination  Is  too  slow  to  cause  them  to  disappear  in  the  flow  tine  over 
the  body.*  As  is  shown  in  figure  1,  typical  conditions  for  the  plasma  under 
discussion  are:  electron  concentration  of  the  order  of  lO^2  e/f®5j 
flow  velocity  about  J000  m/sec;  temperature  (T)  about  2500°  K;  density 

about  10“5  of  sea  level  atmospheric  density.  Here  is  an  antenna  at 
some  point  downstream,  and  it  is  desired  to  transmit  signals  from  this 
antenna  to  a  ground  station. 

A  reasonable  criterion  for  relief  of  radio  blackout  is  to  require  that 

the  electron  concentration  at  the  antenna  -station  be  less  than 

(^critical  “  ■■  -?"• — r;>  where  f  is  the  transmitting  frequency.  For  VHF 
8.06  x  10‘ 

transmission,  this  requires  that  be  less  than  lcP  e/ca5.  Thus,  If 
®e0  *  e/ca3,  a  reduction  of  about  three  decades  In  electron  concentration 

The  term  ’’over-ionized"  here  means  that  the  concentration  of  free 
electrons  is  larger  than  it  would  be  if  the  plasma  were  in  thermal  equilib¬ 
rium  at  the  local  temperature. 

tTfce  plasma  will  become  even  colder  when  water  is  added  but  the  effect 
of  additional  cooling  on  the  dissociative  recombination  process 
(KO*  +  e  -♦  H  +  0)  is  small. 


is  required  for  YHF  transmission.  Bile  such  reduction  is  not  always  nec¬ 
essary,  since.  If  the  thickness  of  the  oyerdense  plasma  region  is  email 
enough,  part  of  the  signal  energy  penetrates  the  sheath  and  is  radiated  into 
space#  For  such  thin  plasma  lexers,  a  sore  node rate  reduction  of  free  elec¬ 
tron  density  will  increase  the  amount  of  energy  which  can  penetrate  and  be 
radiated,  and  the  signal  strength  at  the  ground  station  will  be  increased# 

Bw  determination  of  the  dispersal  and  nixing  of  the  liquid  jet  into 
the  supersonic  airstreaa  and  of  the  effects  that  moeentUB  exchange  and 
evaporation  have  on  the  resulting  mixture  is  too  involved  and  too  little 
understood  to  discuss  in  this  paper.  These  things  are  Important  parts  of 
the  overall  problem,  and  the  brief  mention  made  of  them  here  is  not  intended 
to  Imply  otherwise. 

The  way  In  which  water  drops  are  able  to  cause  free  electrons  to  dis¬ 
appear  is  illustrated  in  figure  2,  Where  a  single  drop  is  shown  being  bom¬ 
barded  by  electrons  and  Ions  in  a  plasma.  The  electrons  move  faster  and 
strike  the  drop  sore  often  than  the  ions.  Thus  the  drop  becomes  negatively 
charged  and  dr f lec iV^electrotls,  while  it  attracts  ions.  A  steady-state  con¬ 
dition  is  quickly  attained  in  which  the  net  current  to  the  drop  is  zero. 

The  drops  are,  in  fact,  small  spherical  Langmuir  probes  at  floating  poten¬ 
tial,  and  the  rate  of  removal  of  electrons  from  the  plasma  is  the  product 

of  drop  concentration  (fy)  and  the  ion  collection  rate  for  a  single  drop. 
This  rate  of  removal  is  given  by  the  equation 

ft  -  -(xr2^^)^  -  -{xr2^!}^  (l) 

idle  re  r  is  the  drop  radius  and  u#  and  are  mean  thermal  speeds  of 
electrons  and  ions,  respectively. 

The  collection  efficiency  of  a  drop  for  electrons  (Fe)  always  has  the 
form  *  exp(-no)>  where  n  Is  the  number  of  electron  charges  on  the 
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where  Ug  and  are  the  seen  thermal  speeds  of  electrons  and  ions  in 
the  plaema.  Hie  following  expression  for  has  been  derived  by  Inte¬ 
grating  over  the  Boltzmann  velocity  distribution  in  a  moving  plasma: 


where  Uj  in  the  ratio  of  drop  speed  through  the  gas  to  the  mean  thermal 
ion  speed.  These  expressions  were  derived  or  the  basis  of  free  molecule 
collisions  with  the  drops  end  on  the  basis  of  »  1,  where  >jj  is  the 
Debye  length.  It  has  also  been  asstned  that  thermionic  and  secondary  emis¬ 
sion  of  electrons  by  the  drops  is  negligible  and  that  all  ions  which  reach 
a  drop  recombine  with  electrons, 

Ve  will  sssmss  that  the  stream  of  rater  is  instantly  converted  into  a 
fine  spray  of  droplets  upon  entering  the  supers cnic  airstream.  We  will  also 
assume  that  ell  drops  have  the  same  radius  and  that  they  are  deposited,  in 
equal  nrabers  per  s?.it  volume  throughout  a  known  fraction  of  the  total  cross 
section  of  the  flow  field.  Reduction  of  drop  radius  with  time  by  evapora¬ 
tion  will  be  neglected. 

To  keep  the  problem  simple,  analysis  of  the  effect  of  drops  on  elec¬ 
tron  concentration  lias  been  confined  to  changes  along  a  typical  stream 


tube*  Figure  Illustrates  how  charge  is  conserved  along  such  a  stress 
tube,  where  diffusion  of  charge  through  the  stress  tube  walla  .has  been  neg¬ 
lected.  Charge  conservation  is  expressed  by 

UgSgA  +  An*  •  Constant  (5) 

where  n#  is  defined  to  be  the  total  nueiber  of  electrons  removed  free  the 
plasasa  by  a  drop  during  Its  history  in  the  flow,  and  A  is  defined  by  the 
equation  for  conservation  of  the  nwsber  of  drops  present 


In  the  steady  state. 


A  »  Ugl^A  *>  Constant 


.  #  <UL 

Fy  following  the  drop  notion,  can  be  related  to  — and 

“djicw)]  -4(W)  *  ■*§- '  -(£)ar 


By  integration  of  this  equation 


Sits  is  an  integral  equation  for  the  variation  of  electron  concentration  as 
a  function  of  distance  fro#  the  point  where  water  is  injected.  Beckwith 
■ns  have  integrated  it  using  an  electronic  data  processing  snrMnr 

uMeh  also  calculates  the  acceleration  of  the  drops  and  their  gradual  reduc¬ 
tion  in  size  due  to  evaporation,  ais  is  the  sore  accurate  way  to  solve  the 


problem,  and  they  ere  preseating  their  solutions  and  comparing  thea  to 
experimental  results  In  another  paper  at  this  meeting.12 

Ho  gain  insight  into  the  general  nature  of  the  problem  and  to  assist 
in  the  recognition  of  the  principal  parameters,  certain  approximations 
be  made  which  alios/  equation  (9)  to  be  integrated  directly-  Ibese  approxi- 
nations  are: 

1.  Fe“e  **  ^1%. m  %[%>  "  (710  -  yil)^  *  (linear  variation  of  F^ 

between  Initial  end  final  values.  ) 

2-  UgA  =  u^qAq.  (Constant  density  plasma,.} 

5.  Uj  ■  Constant-  ^The  jaean  -thermal  ion  speed  actually  varies  as 

30/2.) 

h,  =  at  until  u4«Ug.  (J&rop  undergoes  constant  acceleration 
until  drop  and  gas  speeds  are  equal.) 

She  Integration  of  equation  (9)  then  yields 


»eO«p 


[-KfMfH 


T(1^’ 


(i?)  M* 


In  these  equations,  r  is  drop  radius,  pgQ  fa  gas  density  at  the  infec¬ 
tion  point,  Py  is  the  density  of  water,  and  K*  is  the  ratio  of  -the  mass 
flow  of  water  in  the  stream  tube  to  the  mass  flow  of  gas  in  the  stream  tube. 


3 be  .approximate  solution  given  -in  equation  (10)  is  essentially  an 
exponential  decay  of  electron  concentration  with  distance  -from  the  injec¬ 
tion  point.  Since  the  drop  .radius  appears  only  in  the  ratio  x/r,  univer¬ 
sal  solution  curves  can  be  prepared  which  arc  independent  cf  drop  radius. 
Experience  yitfc  the  solutions  has  shown  :that  -the  parameters  h  and  g  are, 
for  the  most  part,  fimctions  of  the  mass  -flow -ratio  M#.  Brer,  equation  (iO), 
one  concludes  that  the  principal  parameters  of  "the  problem  are:  (l)  the 
drop  radius  -x;  (2)  the  boss  ;flow  ratio  t(*;  and  (3)  -the  distance  downstream 
of  the  Injection  point  -x. 

Comparison  with  machine  computed  results  a  a  in  figure  h,  indicates  that 
the  approximate  solutions  give  .nearly  the  same  results  as  -the  machine  solu¬ 
tions.  Eovever,  it  should  he  noted  that  Je/He0  :is  plotted  against  -time 
In  figure  h.  Because  of  the  assumed  const-ant  acceleration-  of  drops  in  the 
analytical  method,  the  calculated  distance  -from  the  injection  point  as  a 
function  of  elapsed  time  since  injection  becomes  progressively  -worse  as  -time 
goes  on,  and -plots  of  :&e/SeO  against  x/r  (not  shown)  do  not  agree  as 
well  as  -the  curves  of  figure  4.  3fcus,  one  is  -reminded  that  time  of  expo¬ 
sure  ot  the  drops  -to  the  plasma  Is  -the  fundamental  variable,  rather  than 
the  distance  -they  have  traveled.  .For  practical  use,  curves  of  Ne/He0 
against  x/r  are  .tart  convenient,  and  .can  still  be  -used.  If  careful  atten¬ 
tion  is  paid  to  .determination  of  the  -proper  -time -distance  -relationship. 

Another  point  of  disagreement  between  -the  analytical  and  .machine  solu¬ 
tion*1  ie  illustrated  in  figure  h  by  the  curves  for  H*  *  1.  if  enough  time 
-flap***  '.before  electron  concentration  cooes  down  to  the  desired  level,  evap¬ 
oration  reduces  the  radii  of  the  drops  enough  to  noticeably  decrease  their 


35.1 


effectiveness.  Since  the  analytical  solutions  do  not  account  for  any  reduc¬ 
tion  in  .drop  radius,  -they  do  not  show  this  effect. 

Since  the  more  accurate  machine  solutions  are  available,  -they  are  used 
for  design  work  and  analysis  of  experimental  results.  The  analytical  solu¬ 
tions  are  useful  for  studies  of  the  .general  nature  of  -the  effects  .0/  water 
injection,  for  making  -rough  estimates,  and  as  an^ld  in  interpreting  the 
machine  solutions. 

APPLICATION 

He  can  now  examine  Base  of  the  effects  predicted  by  -theory,  as  illus¬ 
trated  in  figures  5  and  6.  figure  5  shows  values  .of  the  mass  flow  -ratio 
M*  required  to  achieve  given  redi'ction  factors  He/Neo  at  a  fixed  dis¬ 
tance  downstream  from  the  injection  point,  ibis  type  of  plot  -would  be 
useful  for  determining  the  -rate  of  water  injection  to  achieve  .signal  recov¬ 
ery  for  an  antenna  located  at  a  .given  distance  -from  -the  injection  orifice. 

Two  points  can  be  made  about  this  figure.  One,  if  the  water  injection 
rate  Is  .such  that  the  value  of  ;M*  lies  about  halfway  up  -tee  ordinate 
scale  shown,  then  ffg/NgO  "  10"2  will  ;not  :be  obtained -with  drops  10^5 
meters  in  radius,  but  -  will  .easily  be  obtained  with  drop*  10"^;*eters  :in 
-radius .  HU s  illustrates  tee  importance  of  breaking  up  tee  -water  jet  into 
a  fine  spray.  The  other  -point  to  be  :made  is  teat,  for  given  drop  radius, 
the  electron  concentration  ;at  -tee  antenna  Igoes  down  -as  -tee  .mass  flow  ratio 
becomes  larger.  One  -would  expect,  of  course,  -that  if  a  little  water  -reduced 
the  electron  .concentration  at  the  antenna  .a  .certain  .aaoisit,  then  sore -water 
would  have  a  larger  effect. 

figure  6  -'shows  teat  the  -injection  -rate  of  .water  required  to  achieve  ;a 
transparent  plasma  typically  grows  smaller  as  altitude  increases.  The  reason 
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■for  -this  is  “the  -rapid  decrease  in  air  density  .with  altitude.  jQie  drops  do 
not  accelerate  -to  gas  -speed  as  -rapidly  -when  -the  air  density  Is  low  and 
therefore  a  larger- nunber  cf  drops  per  unit  voluae  is  obtained  free  a  given 
aass  of  .water  injected  per  second. 

For  "the  design  -.of  .water  -injection  systess,  one  needs  in  addition  to 
; plots  of  against  x/r  and  curves  like  -those  in  figures  5  and  6, 

inf  creation  on -the  drop  size  distribution -produced  By  aerodynamic  breakup 
in  low-density  supersonic  flow  and  on  the  distribution  of  drops  over  the 
cross  section  of  -the  -flow  field.  Much  reaains  to  be  .learned  about  these 

W.  6 

-Batters .  However,  Beckwith  -am  Buffsan  have  correlated  experimental  jseas- 
ureaents  -.ofpenetration-aaddistributlco  of  liquids  injected  into  supersonic 
streaBSinsiich;a-way  that  -the  results  can  be  used  for  the  design  of -practical 
injection  systex* 

SCNttHT 

.Sie  principal  parameters  -of  the  probles  are: 

3.  3Be  drop  -radius,  j 
3.  Ihe  aass  flow  ratio^  :M* 

J.  !Ehe  flow  -tiae  .of  drops  after  their  injection  into  -the  flow. 

Ihe  Basic  -process  is  -recaabiaation  of  electrons  and  ions  on  voltsaa- 
: dispersed  surface  area. 

'jibe  -.recoafoi  nation  irate  is  .controllediby: 

;1.  Collision  jrate  of  ions  -.with  drops 

3.  Surface  area  of  drops -per  unit  voltoe 

Ihe  collision  irate  .of  ions  -with  .drops  is  -a  -function  of : 

3. ; Relative  ■speed '.between  gas  and  drops  (ug  —  u^j 
3.  Drop  potential 


Use  drop  potential  is  -the  float  lag  ^potential  of  a  spherical  .probe.  ft 


is  a  function  .of: 

JL.  Relative  speed  (Ug—  %) 

2.  Eatio  of  .drop  -radius  to  :Debye  length  j 

VS>) 

Ihe  important  physical  processes  are: 

_1.  Breakup  of  liquid  Jet  (detemines  drop  radius  and  distribution  of 
liquid  in-the  flow -field). 

~2.  Evaporation  -of  drops  (detemines  rate  -of  .reduction  .of  drop  radius, 
affects  surface  conditions  of  drops,  and  affects  -flow  properties  of -;gss). 

3*  _3Vo-phase  flow  interactions  (detemines  speed  .of  drops  relative  to 
:gas  and  -the  -flow -properties  -of  the  drop-gas  -alxture). 

4.  Ion  collection  rate  of  drops  (electron  resoval  -rate  As  -controlled  -try 
the  ion  collection  irate). 

The  cosplexity  of  the  rprbblea  is  such -that  jeltance  .on.-pur.rij  theoret¬ 
ical  predictions  of  -the  results  ;of  injecting  .water  into  a  -reentry  Tplaaaafs 
precluded.  5he  best  that  cos  -can  hope  for  is  to  -  obtain  -.aeaningful  correla¬ 
tions  between  observed  effects  and  theoretical  results .  ZTrn  the  achieveaent 
of  -this  Halted  -.objective  -.will  be  of  -great  -  value  fa  -the  application  of  -.water 
Injection  as  -a  practical  raeaas  for  restoring  -radio  coH=unicatino -.with  -reentry 
vehicles. 
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Figure  3.  -  Conservation  of  charge  along  a  strewn  tube. 
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